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12. The developzent of zethods to mnl:r'asl'.'ely. mndestnscti--el/ “see® (izage)

the interior of structures-for ple, nts %o be used in
large or szall power gemeration systess, electzonic cezponents, special
eaterial test pleces used In process developoent or biological systeas i3 a
research area to which the medizal community has given extensive attention.
X-ray “CAT™ scamning and Magnetic Resonance Imaging (MRI) are two cases in
point. The developzent of new structural raterials for advanced industrial
needs have Jdriven the need for high sensitivicty, high spavial resolution
nordestructive characterization zmethods such as cozputed tomography. The
purpose of this symposiuo was to present the most advanced work in this
technological area.

The report, Haterials Research Society Sysposlum Proceedings voluse 217:
advanced Tomographic Jmaging Methods for the Analysis of Materials”, contains
the edited papers of the first Haterials Research Society symposiua devoted to
the topic of temographic fmaging applizd to materials research. The Symposiuz
was held during the MRS Fall Heeting, Boston, lovember 28-Dececzber 2. 1990.
Sponsorship of the symposiua was provided by the Alr Force Office of
Scientific  Research,  Battelle-Pacific  Northwest  Laboratory, Bruker
Instruments, Inc., Spectroscopy Tmaging Systems and General Electric R
Instrusents. The papers are organized by the tomographic modality. However,
because the rmodalities provide different fEnforzatfon, a session con
eulei-modality fmaging is provided. Each sectifon of this voluze provides the
most current Information available on the applications to eaterials.
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Preface

The development: of methods to noninvasively, nondestruc-
txvely "see” (image) the interior of structures--for example,
ical ts to be used in large or small power
generatxcn systems, electronic components, special material test
pieces used in process development or biological systems
including the human body--).s a research area to which the
medical community has given extensive attention. X-ray "CAT"
scanning and Magnetic Resonance Imaging (MRI) are two cases in
point. The development of new structural materials for advanced
1ndustrial needs, such as new energy-efficient engines, new
materials such as superconductors, as well as the study of
materials involving advanced chemical processing, have driven
the need for high sensitivity, high spatial resolution non-
destructive characterization methods such as computed tomog-
raphy. The purpose of this symposium was to present the most
advanced work in this technological area.

The present volume contains the edited papers of the first
Materials Research Society symposium devoted to the topic of
tomographxc imaging® applied to materials reseaxch. The
symposium was held during the MRS Fall Meetmg, Boston, November
28-December 2, 1990, Sponsorship of the symposium was provided
by the Air Force Office of Scientific Research, Battelle-
Pacific Northwest Laboratdry, Bruker Instruments, Inc., Spec-
troscopy Imaging Systems and General Electric NMR Instrunents.

The papexs are organized by the tomographic modality (i.e.,
X-ray, NMR, etc.). However, because the modalities provide
different information, a session on multi-modality imaging is
provided. Fach section of this volume provides the most current
information available on the applications to materials.

. The editors would like to thank the Materials Research

Society for their assistance in getting this first volunme
together.

william A. Ellingson
Jerome L. Ackerman

July 1951
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MR IMAGING OF ELASTONERS
AXD POROGS MEDIA

RICHARD X. KOMOROSKI AND - SARKAR

Um.vexsity of Arkansas for )ledical Sciences, Crpartments of
Radiology and Pathology, £301 West Markham St., !.itue Rock, AR
72205.

ABSTRACT

" NMR imaging has been applj.gd to sone elastoseric materials
of industrial interest. The 7,S of common elastomers,
parciml;r).y after £illing and aln.ng, are sutticiently short
that spxn-ech sequences at submillisecond echo times canrnot
produce T5-independent images. The sensitivity to.T3
potent: xaliy makes spin echo imaging a good probe of elastoner
blend position, as d ated for a'series of filled and
cured cig-polybutadiene, "styrene-butadiene rubber blends. The
technique can be used to distinguish good and kad, carbon black
dispersion in actual tire tread samples. The confxguratxon of
polyester tire cord, voids, rubber layer boundaries, differences
of molecular mobility and composition, and other mho-ogenextxes
can be detected in end-product tire samples. The value of
isotropic voxels at 80-100 um and the effect of resolutxcn
relative to pore size are deponstrated on a sodex O~-saturated
porous glass disk of 200-um average pore size. %easxbxhty
o! multinuclear NMR imaging for tluxd-specitic charactenz tion

dpg;ous materials such as oil cores is demonstrated for ’Li
an

INTRODUCTION

Nuclear magnetic resonance (NMR) imaging is being -
vigorously pursued as a nondestructive characterization tm;l
for materials. The promise of ing sp&) tratjon,
molecular mobility (via the spin-lattice (Ty) and spm"spin (T2)
relaxation times),rand chemical structure (by largely unrealized
localized spectro: py teckniques) at various locations within a
sample has re5§1} itial applications in a wide variety of

nonmedical a sizes have ranged from tree_trunks of 25~
cm diameter £2}/ to "microscopic® dygss/on’ nillimeter-sized
objects at 50-102 um resolution.( "

Because standard NMR imaging téchniques are limited to
observing molecularly mobile component ppIications to date
have concentrated.on-bulk elastomers gE solvent diffusion (6},
and liquids(irn,gorous inorganic mate: 1s such as ceramics and
oil cores.(7,8)” Techniques axe-Being developed for imaging of
hxghly rigid materials g/ﬁxich is the subject of other papers
in this proceedings.

Por standard NMR imaging techniques, the primary
requirement for Increased resolution is powerful gradients. .For
medical imaging,.gradients typically never exceed 1 G/cm.

Figure 1 shows plots of gradient strength G vs. acquisitiontime
AT for various image resolutions. The significance of the
acquisition time is that in echo imaging, it is limited by (and
often equal to) the echo time TE. For materials, can be
quite short, and hence TE or AT cannot be 1engthene§ without

Mat. Res. Soc, Symp. Proc. Vol. 217. € 1991 Materlals Research Soclety
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Figure 1. Plots of G and spectral width (SW)/field of view
(FOV) versus AT (TE) or line width for various resolutions.

Figure 2. NMR image of a series of 2-mm sheets of cured, filled
CB/SBR blends. Polymer compositions (CB:SBR) are from bottom:
100:0, 80:20, 60:40, 40:60, 20:80, 0:100.
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loss of e¢cho signal. Another consideration is the resonance
line width of the material. The spread of frequencies caused
by the gradient must be larger than the spread inkerent in the
line width. This relationchip is also shown in Figure 1 for the
1imiting case where gradient spread equals the line width.
Hence the relatively large line widths seen for materials also
necessitate powerful.gradients, typically 10 G/cm or larger.

In this repor: we explore applications of NMR imaging to
direct analysis of bulk elastomeric materials of industrial
interest and porous media. Current limitations and new
directions of research are discussed.

EXPERIMENTAL METHODS

The 1H NMR images were acquired at 200.1 MHz on a General
Blectric Omega CSI-4.7 system with Acustar shielded gradients
and available bore size of 120 mm. The maximum gradient
strength was 20 G/cm. Either a standard single-plane, spin-echo
sequence with slice-selective 90 and 180° pulses {5) or a 3D
volume imaging sequence was used. The 3D volume sequence
employed a hard, initial 90° excitation pulse of 15-70 us
(depending on the coll) tc excite spins in the entire object.
Phase encoding was performed in the slice-select direction and
one transverse direction, with frequency encoding in the
remaining direction. For small objects at higher resolution, a
commercial, single-turn surface coil of 2-cm diameter was used
for both excitation and detection. For larger objects and oil
cores, a 6.0-cm diameter, home-made birdcage coil was used.
Lithiuz=-7 and *“F images were acquired on the same instrument at
77.8 and 188.2 MHz, respectively. For ‘Li a 5.5-cm birdcage
coil was used, whereas for i9f a 2-cm, single-turn surface coil
provided both excitation and detection.

Carbon-13 NMR spectra were acquired at 75 MHz and 90°C on a
General Electric GN-300 WB high resolution spectrometer with
proton scalar decoupling in spinning 10-mm NMR tukes.

RESULTS AND DISCUSSION
Elastomer Composition and Iy

We previously demonstrated that standatd spin-echo
techniques at TEs of 10 ms or greater could be used successfuily
%o image favorable cases of cured elastomers.{5} Many conmon
elastomers have Tys of 0.5-2 ms {20), making it necessary to use
short TE sequences such as 3D volume imaging described above to
capture sufficient signal intensity. We have imaged elastomerxic
nmaterials at TEs as low as 500 us. However, even at
submillisecond TEs it is not possible to obtain images for
typical pure elastomers without:T, affecting signal intensity
and contrast. Of course, the ﬂlfing and curing that impart the
desired mechanical properties further reduce T, from that of the
pure elastomer. .

Figure 2 shows an NMR image (200 % 200 x 500 um voxels}
from a 3D volume dataset for a phantom composed of 2-ma sheets
of a common series of cured, carbon-black filled-
cig-polybutadiene, emulsion styrene-butadiene rubber (CB/SBR)
blends. Although zll the blends have approximately the same
hydrogen content, image intensity varies dramatically among the

i an S e ettt A Yaat b wiie 7 s
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blends. As the SBR (T4 = -70°C) content increases relative to
CB (T4 = -102°C), T, décreases and image intensity decreases at
a TE gt 1.2 ms, as in Pigure 2, or even at a TE of 500 us. This
is also apparent from the image profile on the right in Figure
2.

Conversely, the results in Figure 2 illustrate that NMR
imaging can be a sensitive measure of polymer blend composition
in well defined situations. Differences as small as 10% may be
detectable. Such an approach may provide a substitute for
localized spectroscopy techmiques, which currently seem of
limited use for complex, short T, materials.

Tire Materials

Inhomogeneities in elastomers have been imaged dizectly
{5,11) and by solvent swelling.(12] Detection of an *H-rich,
relatively mobile swelling agent in a polymeric material
produces amages of high quality. However, spatially dependent
differential swelling and dimensional changes make
interpretation of such images problematic. Direct imaging at
short TE of cured, filled elastomer blends such as tire
sections is preferred and can be highly informative. FPigure 3
shows NMR images (250 x 250 x 500 um voxels, TE = 4 ms) of
actual finished tire tread sections. The section in Figure 3A
was from a tire tread with a good, homogeneous carbon black
dispersion, whereas that in Figure 3B had a poor dispexrsion.

The samples appeared visually similar. The images are
dramatically different and reflect the degree of filler
dispersion. The good dispersion image has a relatively even
distribution of NMR intensity, whereas the pooxr dispersion image
appears spotty gnd highly heterogeneous, even in higher .
resolution (200° um’) images of thinner slices throughout the
sample. Tread grooves are seen in both images. Numerocus local
inhomogeneities of a lesser nature are also seen in Figure 3A.
We have routinely observed such inhomogeneties in a variety of
elastomer compounds, both cured and uncured.

Figure 4 is an NMR image (100 X 100 x 200 um voxels at TE
of 2 ms) of a transverse section of a simple tire containing
polyester fiber tire cord. The arrangement and shape of the
cord fibers, as well as numerous irregularities, are clearly
visible. The laminate structure of the section is well defined.
This consists of a 2-mm wide layer on the left which corresponds
to the tread. This is bonded to the 5.5 mm layer containing the
cords in the center, with a barely visible 2-mm layer on the
right. The right-hand layer is the inner liner of the tire, and
it appears to consist of two layers from the image and profile
although visually this is not apparent.

Carbon-13 NMR spectra of samples taken from the left
(closest to the cord) and right sides of the right hand layer
show the elastomeric components of these to consist of an
isoprene rubber, butyl rubber blend, and probably pure butyl
rubber, respectively. This is not unexpected as butyl rubber is
commonly used as an air barrier on the inner surface of tubeless
tires, It also explains the-difficulty in observing this layer
by NMR imaging. Butyl rubber is very difficult to image by
standard techniques {5} because of its uncharacteristically
short T,, which is a q of reduced chain segmental
mobility.{213] The addition of Isoprene rubber to butyl would
increase segmental mobility in the blend, making that layer more
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Figure 3. NMR images of actual finisheq tire tread sections.
Tread grooves are seen in each image. A) Good dispersion of
carbon black; B) bad dispersion of carbon black, TE w 4 ms.
250 x 250 x 500 mm voxels.
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Figure 4. NMR jmage (slice #9 of 16, 100 x 100 x 200 unm voxels,
TE @ 2 ns) of a tire section with polyester cord belts. The Fov
is 12.8 x 12.8 mm. One two-component layer, due to the inner
%iner of the tire, is barely visible on the right side of the
mage.

Pigure 5. Image (80 x 80 ¥ 500 um voxels, TE = 4.3 ns) of 4
cured, filled 2-mm CB sheets. The botton three sheets are
separated by glass spacers of 180-un thickness. The top two
sheets have no spacer.




visibie than pure butyl in the image. This sample has a
naterial feature that might have gone undetected without NMR
iraging.

The relatively large feature in the left layer consists of
a low-intensity region-surrounded by three spots of higher
intensity. This is apparently a solid particle or agglomerate
of carbon black or other material. The bright spots are
probably magnetic susceptibility artifacts associated with the
particle, and appearing along the readout (horizontal)
direction, as was confirmed by imaging the object in several
orientations. We see such artifacts routinely in carbon-black=-
filled rubbers, both cured and uncured.

In the image in Figure 4 the rubber layer boundaries are
well defined because the layers have different combinations of
T, and mobile hydrogen densities. For layers of identical
material, detection of layer boundaries may be less straight-
forward. We previously demonstrated that in model elastorers
boundaries beyond the image resolution can be detected by
reduction of voxel intensity at that point.{5} Under the
relatively poor resolution and long TE conditions of the
previously published images [5), it was not clear 1if such sub-
resolution boundary detection was from depletion of hydrogen
content, lower T, at the surface, or both. Figure 5 shows
higher resolution (80 x 80 x 500 um) images of the same sheets
as before {5) with 180~um sp at two boundaries and with no
spacer at the third boundary. The sheets were firmly prassed
together and secured for this experiment to eliminate the
possability of casual ajr space between the sheets. as

pected, the sp wers.well resolved. However, the boundary
without spacer was also detected. Examination of image profiles
, at higher resolution suggests that this arises (under these
conditions) from a slightly reduced amount of NMR visible rubber
in the 200-unm region at the surface of the sheet. Hahn spin-
echo experiments between 3 and 10 ms measure essentially the
same T, at the surface as in the bulk rukber.{i0} These results
sugqes% that laminate boundaries may be more readily detectable
for separately cured sheets than for uncured or co-cured
naterials.

WA

Model Porous Materials

To date, most NMR imaging of materials has been with highly
anisotropic voxels and poor resolution perpendicular to the
slice. The advantage of isotropic voxels for visualizing
complex 3D structures and-minimizing confusing partial volume
effects has been recognized.(14) Although 3D volume imaging may
ultimately be the method of choice for obtaining isotropic
voxels, it is possible to use the single-slice technique at
moderately good resolution. Figures 6A-C show images of a 7 x 7
nm plece of a water-saturated, porous glass Aisk (35% porosity,
pore size 170-220 um) at three different isctropic resolutions-
less than, at, and greater than the nominal pore size. Aas
expected, the images are dramatically different and, in
particular, display how features in the low resolution image
arise from different planes in the slice. In the 100-un
isotropic-voxel image, there are a few small and intense spots
whose size is about 190 um x 190 um in plane and are either
single pores or collections of smaller pores. Longer spots may
be pores connected in plane. Small and weak spots may be from
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pores of about 100-um size or less and fully included in the
slice, or from larger pores partially cut by the 100-um slice.
For the 200-um and 400-um isotropic resolution images (Figures
6B and 6C, respectively), a few intense spots become larger as
the resolution‘becomes coarser. Some of the spots remain
bright, inplying perhaps collections of-water-filled pores from
various planes. Images of other porous glass disks of 5-50 um
pore size suggest that the image appeaxance is dominated by the
large-pore tail of a pore size distribution.(10})

The higher-resolution appearance of Figure 6A is retained
to some extent in Figure 6D, an image with 100 x 100 X 2000
um voxels, even though features from the equivalent of twenty
200-un slice thicknesses contribute to the latter image. This
arises from the fact that the majority. of the object volume in
this case is occupied by glass or air; and hence many of the
anisotxopic voxels have little or no signal. Fox porous
naterials of low-to-medium porosity and relatively large pore
size, thick slices may provide more useful information than for
relatively homogeneous materials such'as polymers.

The results of Figure 6 also demonstrate that obtaining
isotropic voxels at high resolution will not exact too severe a
penalty in §/N ratjo for porous materials. Although the voxel
volume in the 100-um image is 1/64th that of the 400-um inage,
it took only 16 times (4x S/N penalty) as long to obtain the
100-um image. This arises from the "dilution" of the signal in
a single voxel by glass as the resolution.becomes coarser.

Multinuclear Imagina of Porous Materials

NMR imaging is being used increasingly to study the fluid
distribution in'oil cores.(8,15) Since such imaging is usually
concerned with the distribution.of two or more fluids such as
oil and water in the rock, mesthods for separate observation of
the components must be developed. For cases where individual
resonances can be resolved for the oil and water components, we
have used a radiofrequency presaturation pulse and dephasing
gradient to produce component-selective images.(15) When
resonance lines are broad and the individual components cannot
be resolved, a multinuilear aggroach is necessary. Edelstein et
al. {8} have used the *H and *°C isotopes to analyze for the
anounts of water and oil in whole cores. We have indirectly
inaged a third fluid (isopropanol as a model niscible injegtanc)
in a core by profiling the disappearance of signal in the “H NMR
inage when the third fluid is deuterated.[15)

Direct multinuclear imaging of isotopes confined to a
single phase should provide unambiguous separation of two °f,
nore components in model systems. ngsible nuclei includg I
(fluoride_or fluorinated organics), C (organics, COy), 3§g
(brine), ’Li (brine), 2D- (D,0 or deuterated organics), and 7o

Hy0), in addition to *H. As an exanple, Figure 7A shows the
L1 NMR image of a Li brine in a mode} porous glass filter disk
of nominal pore size of 200 um. The ‘Li isotope is tavgrable
for such studies, with a sensitivity about 27% that of ‘H,
relatively narrow lines, Tys of 10-500 ms, and T38 of 0.5-4 s
in motionally restricted systens. Figuse 7A shows that a
resolution on the order of 1 x 1 X 5 wn’, can be expected.
Figure 7B shows a comparable image for *“F of 50% hexafluoro-
benzene in porous gla;s taken using a surface coil. We have
obtained preliminary ‘Li and 19p images on actual oil cores.
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Figure 7. A) 711 NMR image of a P
disk (35% porosity, 170-220 um por

ortion of a sintered glass
e size) with 2 M Li%.
F NMR

(1 x 1 x5 mn voxels; TE w 2 ms; FOV, 64 X 64 mm) B)

image of a sintered glass aisk. (40
size) with 50% hexafluorobenzene.
TE = 2.8 ns; FOV, 12.8 x 12.8 mm)
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Resolution better than 7L§ can be expected for 19p in cowparable
cases (Figure 7B). he 19F T, may be short, on the order of 2
to 10 ms. For both ’Li and 19F"it will be necessary to use
short TE sequences such as whole-core 3D volume imaging.
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NMR IMAGING OF SOLIDS USING IMAGING INSTRUMENTATION
DESIGNED FOR LIQUIDS

D. G. CORY* AND S. J. GRAVINA
Bruker Instruments, Fortune Drive, Manning Park, Billerica, MA 01821, USA

ABSTRACT

apparatuses are explored. To this end a multiple-pulse Iine-narrowing sequence is
introduced which  averages both ear dipolar couphings and tine
independent linear I, interactions such as chemical shifts and .su.sceyhbﬁnly shifts. For
imaging the multiple-pulse cycle is accompanied by an oscillating magnetic field
gradient which phase encodes the spatial location of each spin. The period of the
gradient oscillation is matched to the period of effective field togghing such that the
multiple-pulse cycle does not average to zero the gradient induced spin evolution. A
small radio frequency coil of 30 mm id. is used since then on ?r modest radio
frequency (RF) power is sufficient to generate a strong RFE field, and the RF
homogereity is quite good over the sample volume. The resolution of the image is
not spatially uniform, but near the center the resolution is better than 100 um and the
resolution at the edges of the image is degraded by only a factor of 3 to 5. Images of
solids with acceptable resolution and sensitivity can be collected by this method with
minimal setup time and difficulties.

The possibilities of ac$uiring NMR imafeslof solids with conventional imaging
Ii?

INTRODUCTION

Although the principles of NMR imaging are well eslablished [1,2] and imaging
techniques are routinely used for mapping the distribution of the iquid fractions of a
sample, it has proven \fficult to translaté these same methods into a usable method
for imaging the solid fractions of materials. On the other hand, a large number of
approaches for NMR imaging of solids have been demonstrated but so far none can
be considered to be routine since they all require very special instrumentation and
experimental skills. Here we wish to’introduce an imaging method which uses the
instrumentation of solution stale imaging as far as 15 possible while impl ting
selected solid state techniques and modifications thereof to allow the best possible
NMR images of solids to be obtained with the least pain, cost and setup time.

The foundation of NMR imaging is that the Larmor frequency of a srin is
directly proportional to the applied magnetic field strength and therefore a profile of
a sample’s spin density is oblained-simply by observing the NMR spin evolution of
the sample In the presence of a magnetic field gradient. To resolve two ?aﬁally
distinct volume elements requires the application of a magnetic field gradient of
sufficient strength such that the elements one wishes to resolve are shifted in
resonance frequency from each other by an amount greater than the natural
Inewidth, Stated more simply,

resolution = linewidth/gradient strength,

Herein lies the difficulties of solid state imaging since the solid state linewidth is
approximately 1000 times broader than its solution counterpart. The gradient
strength can 'be increased by a factor of 1000, but increasing the gradient slrenggh
leads o a broader spread mn resonance frequencies which must be accommodated by
a proportionally wider receiver bandwidth. Noise enters the receiver in proportion
to the square.toot of the receiver bandwidth resulting in the experimental time to
acquire an inmtage scaling as the natural linewidth,

imaging time ~ linewidth,

Acquiring a high resolution image of 'a small sample is already a time consuming
Mat, Res. Soc. Symp. Proc. Vo, 217, €1991 Materlals Research Society
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procedure so a factor of 1000 in experiment time is a huge price to pay and most
3 Iosolidsuleinngingha\tim‘olwdsmrmmdhp:é-mwhg
rather than relying on increases in gradient strergth.

Many approaches 1o solid staie imaging have been successiully demonstrated
with line-narowing approaches indudin& magic angle samphe “spinning with
synchronized ing gradi [3-5], mustiple-pukse line narronving fo rl:"minale
homonuclear dipolar couplings [6-8], combinations.of these (CRAMPS) [9), and
ro!aline frame line-mrmvnn;ﬁo

¥hile the h lear _dipolar broadening is generally the o
incbroadening mechanism, chemical shift and susceptibility shifts may still be a factor
of 100 broader than the typical water linewidth and can'not be igrioned. Since the
ient and chemical shift Hamiltonians have the same spin dcpmd(glxv, these 13:

3 it dient (ie. maki

interactions can only be differentiated by g the g 3 g
gradient strength time-dependent). ‘l’hshas&mimpmalcdinlnanumberof
solid state inaying schenes in the form of pulsed gradient §11,12), oscillating
gradients {13,14], and in two-dimensional experil by sle;;pin' the pradient
strength in a controlled fashion between successive data points |1 ,!6‘.' Pawided that
the offending chemical shift and susceplibrlity shifts may be assumed to be constant
throughout the image, deconvolution of the image” with the known spectral
information {17,18] is also useful, bul susceptibility =hifts are by nature spatially
varyin% and noise seriously compli the dec fution process.,

Ve have been inlerested in developing and implementing a solid state
imaging method usinpi‘ conventional micro-imaging instrumentation desipned for
liquid state imaging while retaining as many of the desirable features of the more
complex solid state imaging schemes as is possible. The method described below can
be implemented on mast micro-imaging with minimal modifications of the
hardware and yields quite good images of sigid solids. To accomplish this we have
sacrificed some in szmple size (the saniple is constricted to fit inside 2 3 mm id. of coil)
and the resolution acruss the image is not as uniform as it would be with pulsed
gradient methods [12]. This approach is very similar to the refocussed gradient
imaging approach which was infroduced by ‘Mifler and Carroway {13], but the
multiple-pulse line-rarrowing sequence is a few more forgiving cycle which allows
the method to be implemented one;yslems where more pulse imperfections aze likely
to be found than would be tolerated by traditional multiple-pulse cycles.

MmN

Figure 1. A 48-pulse mulliple-pulse cycle which averages to zero | tear dipolar
couplings as well as time independént 1, interactions.” The gradient osallates with a
period equal to the cycle time of the multiple-pulse cycle and this time dependence
prevents the cycle from averaging the gradient indcced spin evolution to zero. The
gradient strength s shown as a sinusordal modulation, but in practice a more square
wave fooking muodulation was employed and the shape of the modufation is not
critical. A phase shilt of the RF which occurs between solid echo pulse pairs is shown
as building up over the first half of the cycle and then slowly decrcmin{; again during
the second half, This introduces a spatially homogeneous resonance offset which may
be used to shift the center of the image. As shown in the key below the figure, eac
pair of RF pulses is a standard solid echo polee pair with the normal pulse spacing,

o i e s e e -




i e e 4 e

17

IMAGING METHOD
The imaging method is outlined in Fig. 1. The experiment consists of thr
parts, a 48|;‘:Ecnxsmging e which avtrasécs b E.— dipolar broadeni -

chemical shifts and suscepiibility shifts; a magnelic field gradient which is time
dependent such that the multiple-pulse cycle does not average gradient induced
shifts; and a s sf phase shift which acls as a spatially homogencous offset of the
image. In the scheme’s simplest implementation the magnetization is sampled once at
the end of the cyclz and the experiment is repealed fo map ool the accumulated phase
evolution induced by a combination of the gradient and the phase offsct.

The 48 pulse cycle is very similar to a 48 pulse cycle [19] which was previously
used for solid state imaging with pulsed gradients intercal=led into sclected windows.
Both of thee cycles are construcled from sel of 6-pulse d:polar decoupled inversion

slses which in terms of the Magnus zxdpamion are dipolar decoupling (o zero order
including the effects of finite pulses and to second osder in a delta functien «f pulse
approximation.  The properties of these compasile inversion pulwes has been
investigated by Wiclekamp and coworkers [2021). The cyde used here is
distinguished from previous cydes by having the effective fields of each composite
Ise point in the same direction in the transverse plane for half of the cycle, and then
int anti-paralle] o this for the second half of the cycle. The effective field picture
or this experiment is oullined in Table 1.

Table L. Effective fields of the experiment outlined in Fig. 1.

chemical shift Lely +/-
susceptibility [ +/-
gradient hedy +/+
phase toggle Lely +/+

In Table 1 for each of the linear 1, Hamiltonians which are considered, the direclion of
the effective field is given along with the sign of the spin evolution over the first half
and remainder of the multiple-gulse cycle. "From this'it is clear that the net effect of
the chemical shift and susceptibility sgn evolution is zero when averaged over the
cycle, but that both the gradient and phase toggle terms remain.

Multiple-pulse methods are Fenerally very demanding of P field strengths,
RF homogeneity and pulse imperfections; so much so in fact that solution slate
spectrometers can normally not perform these experiments. By usiry; a small (3 mm
id.) transverse solenvid KF coil, the first two problems are” avoided by the high
efficiency of the coil and its inherent high homogeneity. The pulse impetfections of
the spectrometer must also be considered and for these we choose to use a multiple-
pulse cycle which is more forgiving than traditional cycles rather than altempling to
modify the spectrometer for mulliple-pulse specirascopy. As an exomple of the
forgiving nature of this cycle consider the first half of the cycle shown in Fig. 1. This
mulliple-pulse cycle may be emglo ed for spectroscopy since it does not average
‘chemical shift evolution and Fig. 2 shows a comparison of the cycle to two commonly
employed multiple-pulse cycles for a CRAR"’S [22,23] éxperiment on para-
dimethoxybenzene. Clearly the new cycle has superior line-narrowing properlies in
lhis! exaniple even though the scaling factor is smaller than that for either of the other
cycles.

y The final problem that is typically encountered when altempling to perform a
solid state experiment on a solution stale spectromeler is that the receiver bandwidth
of the spectrometer is oo narrow lo allow the full bandshape of the response to be
accurately reproduced. Many modern spectrometers have receivers with settling
times of under the 4 ps requiréd for this experiment, bul if not this is one modification
which will need to be made prior lo altempting these experiments. The resulls shown
here were obtained on an MSL-400 which is certanly a solid stale spectrometer,
however the probes and amphifiers which were used were designed for solution state
studies and the solid state capabilities of the spectrometer were not fullv utiiized. It
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still remains 1o be shown funw far these methods can be pushed in implementing them
on other less sophisticated spectromeders.
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Figure 2. CRAMPS resuils for dimethoxybenzene acquired with three different
multiple-pulse cycles, MREV-8, BR-24, and a new 24-pulse cycles corresponding to the
first half of the ‘cycle shown in Fig.1, The resolution of the new cycle is superior fo
either of the other two under these conditions. This improvement over BR-24 is most
likely a result of the forgiving nature of the cycle to pulse imperfections rather than
any inherent greater efficiency.
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Figure 3. A grey scale plot of the data as acquited with the imaging method
described above of a sample consisting of two picces of adamanlane contained ina 2
mm i.d. tube and placed approximately 3 mm apat. The dala were acquired by
; varying the direction of e magnetic field gradient electiically belween successive
acquisitions.
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Figure 4. The image resulling from a filtered back projection reconstruction of the
data shown in figure 3. Tillering was perforimed in the spatial domain and sharp
glitches (one data poinl wide) were removed by hand prior to deconvolution to
avoid large artifacts. These glilches were the resull of spin-locking a small portion of
the magnetization along the effective fiddd, and are common’ in muliple-pulse
experiments.

Figures 3 and 4 show an example of applying this imaging method to a phantom
consisting of two pieces of adamantane. ‘The two piecés of adamantane are well
resolved in this image which is a reasonable representation of the actual spin density
distribution.

As we have applied this method a cor ional NMR imaging microscopy
probe performs well, and there is no need for either fast or strong magnetic field
gradients. Of course the restriction to samples which fit inside of a2 3 mm RF coil is
severely limiting, but there is amply space inside microscopy gradient coil sets to
accommodate a sample of UF to 2 emv or more. Clearly, to apply these methods at this
scale will require that the RF portion of the probe be modified to withstand the much
higher power levels, along with using a high power amplifier and a new RF coll insert,
These modifications are easily made 1f the lmagigé; spectrometer is already capable of
solid state studies as is the case for the MSL-400 which was employed here. Such
modifications may represent a next step in evolving solid state imaging techniques
which are robust'and simple to apply. “Although the approaches which ﬁwmmihe the
best results are multiple-pulse imaging with intercalated short gradient pulses [11-13),
and MAS methods (3.5) where the isotropic chenncal shift is of interest, these
techniques are still being developed and the simpler methods described above may
find some use today.
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CONCLUSIONS

We have introduced a method of solid state imaging' which can be easily

p i on most existing micro-imaging instruments. To accomplish this the
sample size has been restncted to fit-wathin a 3 mm id. sample holder, and the
reduction of resolution at the edges of the image has been accepted. A multiple-pulse

e which el lear dipolar bro: as well as chemical shift
and susceptibility shifts has been used which is forgiving of small pulse imperfections,
and an oscillating ic field gradient is employed to preserve gradient encoding.

o

Itis ho’ped that this or similar expenmients will allow a wider range of potential users
to explore the possibililies of solid state NMR imaging without requiring a large
investment in both time and research funds.
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THREE DIMENSIONAL (3D0) ELECTRON PARAMAGNETIC RESONANCE
IMAGING TECHNIQUE FOR MAPPING POROSITY IN CERAMICS

G. KORDAS and Y.H. KANG
NSF Center for Advanced Cs t-Based Materials, Dep of Mi Science and
Enginecring, University of Illinois at Urbana-Champaign, Urbana, IL 61801. USA

ABSTRACT

A three dimensional (3D) Electron P:
been developed to probe the structure and size of pores in p
control current source and magnetic field gradient coil bly were added on the conventional
EPR instrument as imaging devices. This added-on facility was tested using a phantom sample
having cavities fifled wath DPPH (2,2-diphenyl-{-picrylhydrazyl) panticles. Pumice was then
used to demonstrate the feasibility of the technique. Porous pumice stone was immersed in a
0 5mM ISN.PDT-water solution o introduce the spin labels into the open volume of the
sample. A two-d ional image was d from a set of 1-D projections using a
filtered back-projecti hnique. A th 1image was derived from 22 2.D images
each d by 22 1-D projections. At present, the facility allows a resolution of 69 and 46

yim for 2-D and 3-D imaging,

ic R Imaging (EPRD) Amlhod bas

INTRODUCTION

Magneti imaging has beea d by Lauterbur [1] for the first ime. Since
that time, the development of imaging capability of EPR sp py has been ped 1
such various fields as studies on paramagnetic impuzities in sohd matenals [2,3], diffusion of
radicals in tissues {4,5], and those in adsorbents (6,7). Unlike the NMR imaging, EPR

imaging technique hag not found a wide appli yet partially due to infrequent occurrence of
unpaired electrons with suitable ation fn H 7, by using stable nitroxide
dicals as an b EFR imaging can provide useful informations about the

intemnal geometry of the sohd materials. -
The lincar spatial resolution along the field gradient depends on the linewidth of the spin

label, AH,, and the magnitude of field gradient, G = dt/dz (G(=10"4T)em) (8]
8= AH; k-G (9]

where k is equal to 1.73 and 1.18 for Lorentzian*and G pe, Tesp 1y, A
reasonable linewidth of 0 6 G from 0.5 mM 15N-substituted perdeutercted Tempone(2,2,6,6-
tetramethylpiperidine-dj 6-N-oxyl-4-one, I5N-PDT) and field gradient of 100 G/cm can easily
be realized at present, This conditions results in a spatial resolution of 34 jm, The resolution of
this technique was improved by a setup generating a ficld gradient of 3300 G/em {9). Electron
Spin Echo (ESE) spectroscopy with a pulsed field gradient can enh the spanal ion of
a CW-EPRI by three orders of magnitude [10).

In our present paper, we prove the potential of EPRI method to image the pores in purmuce
that served as a model matenal for this feasibility study. The EPRI setup was tested using a
phantom sample.

PN .

EXPERIMENTAL
Instrumentation

‘The gradient coils shown in Figure I consist of a set of anti-Helmholtz coils and of a set
of rectangular coils, The coils are tightly attached to the surface of the main magnet for efficient
cooling, The anti-Helmholtz cols produce a linear magnetic field gradient along the z axis of the
cavity. The x/y gradient 15 produced by another pair of rectangular coils placed inside of the z
couls, Gradients at differént angles were produced by changing the curment through the z coils
Mat. Res, Soc. Symp Proc. Vol, 217. £1931 Materlals Research Soclety
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and x[y coils. Dafferent imaging planes can be sclected by rotating the x/y coils around the z
axis. As a result, the projection cdn be oriented at any angle.

Figure 1. Gradient coils bly for EPRI (imaging plane is shadowed)
D lecti Li . .

Pumice stones were used for this feasibility study that is known to contain large pores.
Samples with known d fons were cut from the stone and were soaked in 0 S mM ISN-PDT
for 5 Hours to introduce the nitroxide radicals into the internal open empty volume. The phantom
sample consists of four plexy §lasscs with cavities having known radii and depths. Figure 2
shows the schematic diagram of the DPPH phantom sample.

Wk
5 u—
well-depth 7mm “E22 " 6mm
6mm
Figure 2. Schematic diagram of DPPH phantom sample

The experiments were performed at 9.5 GHz using a Varian E112 spectrometer with a
conventional TE-102 cavity. For two-d ional imaging, a set of 33 projections over 1800
was measured, The spectra were integrated and integrals of the low-field line of the nitroxide
hyperfine spectrum were used as the data to generate the 1mage. A two-dimensional image was

reconstructed by the filtered back-proj hnique, using enhanced proj by
Blackman filter [11), For three-di 1 imaging, a set of 22 projections were obtained for
22 imaging planes equally spaced between 0° and 1710, Two-stage filtered back-projection {12}
technique was used for 3-D image ion, Stage one d a set of 22 two-

dimensional image using a three point filter [13), and stage two created the final three
dimensional image amay (653) from 2-D images.
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RESULTS

Figure 3 shows surface plots of planes selected from 3-D image amays of the DPPH
phantom sample. These surface plots shows the position of the DPPH particles in good
o with the g ical Jocation of the holes in the phantom sample. Inegulantics in the
shape and intensity of the peaks are due to the nonuniformity of the distnbution of DPPH
particles in the holes. However, the image qualitatively provides a good description of the
mtemal and external geometries of the sample.

Figure 4 shows a typical 2-D image of the central plane of the pumice sample. The color
tones in this figure vary from white to dark blue. White is the highest density of spin labels in
the sample corresponding to the holes, The dark blue area of the figure comresponds to the
background signal of the sample holder. The light blue tones conforms with the solid pumice
sample. This figure clearly shows how the pores are interconnected with each other. It becomes
evident from this figure that this figure reveals the structure and size of the pores in a material.

Figure 5 shows a sequence of 15 intensity plots out of 65 imaging planes along the
extemal magnetic ficld. The bright area in each imaging plane represents the strong EPR signal
intensity from the spin labels Jocalized in the internal open volume of the sample and therefore
corresponds to the porosity. From this figure, it is well shown how the porosity and complexity
of the sample are changing throughout the sample.

Figure 3. Surface plois of planes from the 3-D image array of the DPPH phantom: (2) planc
z=24 (D1 hole), (b) z=34 (A,B,C, and D2 holes), and (¢) z=44 (D3 hole)

CONCLUSIONS

With these experi we d d the y and applicability of EPRI for
porosity in Obviously, modification should be made to improve the
performance of the imaging device. Also, a larger ficld gradient and more projections will be
equired 10 1mprove the resolution. An imaging sub exhibiting a single line with a narow
line width would i the resolution of the techniq iderably. For such spin fabels, the
compatibility of the imaging substance with the sample must be considered before
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Figure 4. 2-D image of x-z plane
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Figure 5. 15 x-y planes out of 65 3-D image planes of pumice along the z-axis
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IMAGING OF DIFFUSION PROCESSES IN DIFFERENTLY CROSSLINKED
POLYSTYRENES BY TH AND 19F-MICROSCOPY

M Ilg, B.Pfleiderer*, K.Albert, W.Rapp, E.Bayer
University of Tuebingen, Iastitute of Organic Chemistry, Tuebingen, Germany.
* Massachusetts General Hosprtal, NMR Center, Charlestown, MA, USA

Polymeric beads are valuable tools for a variety of applications in chemistry, e g.
separation and synthesis support. A common property of all applications is, that
ditfusion processes and mass port bal play an important part and are
heavily dependent upon matrix parameters such as érosslinidng. We have applied
1H and 19F-microscopy to monitor diffusion processes in differently crosslinked
polystyrene beads (CL-PS). MRI is used primarily as a medical diagnostic method,
but has begun to find increasing application in material science, including studies
of fluids in polymers [1,2).

Although it is possible to image the beads (diameter 200 mm) themselves, the
monitoring of diffusion behavior and matrix homogeneity requires bigger samples.
For this reason, we prepared cyhndrical shapes specimens with a diameter of 8mm
using the same materials and methods as for preparation of the beads. These
samplas were then axposed to shghtly doped dioxane (4 mg/m! Cr(Ac)2) in test
tubes at 50°C and imaged on & Bruker MSL 200 spectrometer equipped with a
micro-imaging accessory.We used a FLASH gradient echo imaging sequence [3},
because we found it offered the best contrast and we could adjust parameters to
get exclusively spin-density weighted images.

Fig.1 shows four stages of the dioxane penetration in 2.5% CL-PS. The solid
unswollen polystyrene (PS) appears black due to its extremely short To. The
surrounding bulk dioxane is bright with the penetrating diffusion front showing up
In differently grey levels corresponding to the dioxane concentration in the matrix.
The absence of inner voids and stress cracks indicates a high quality of the mate-
nal. The penetration takes place with a rkable g tri homogeneity, the
front remaining circular in shape until reaching the core of the sample. Fig.2is a
stacked plot of the signal intensity of seml-profiles stretching from the center ot the
cylinder to bulk dioxane in the test tube. CL-PS values were‘j%, 2.5% and 5%
respectively. The figures indicate the time (in minutes) e)apse& after exposure o
dioxane. The plateau to the'right is the signal of bulk dioxanse, the inverted spike is
a susceptibility change dus to a local concentration of Cr-lons at the surface of the
swollen polymer. The diffusion gradient is to the left of the plateau. The low plateau
of untouched PS is the extreme left. The stacked plots demonstrate the con-
sequences of cross-linking: the 1% CL-PS sports a steep gradient advancing with
time but keeping its slope throughout the process and followed by a concentration

Mat Res. Soc. Symp. Proc. Vol. 217, € 1991 Materlals Research Society
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plateau. This can be correlated to a type of diffusioh which is referred to as CASE I,
5% CL-PS in the beginning shows a steep gradient starting at the surface of the
sample, gradually flattening with time, which is the normat fickian way of dmusxon
The behavior of 2.5% CL-PS lies between these two
of both types.

Fig.1-Cross-sectional FLASH-Images of PS-cylinders, Four stages of diffusion
after exposure to dioxane,

the imaging parameters used are: o = 159, TE = 4ms, TR = 50ms,
gradient strength = 50mT/m. data matrix = 256+256, slice thickness = 1.5mm,
FOV = 15mm, pixel resolution = 115 pm.

Fig 3 is the diffusion distance plotted versus time. We defined a distinct threshold
intensty value and monitoted its spatial advance, by taking the difference between
the original diameter of the cylinder and the radius of the unswollen part of the
sample {this convention is necessary due to the swelling), As expected, the velocity
of the advancing front depends on the cross-inking, with the 1% CL-PS being tho
fastest.,
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Fig.2 Stacked plot of the intensity profiles. Note the different time scales.
a. 1% crosslinks, b. 2.5% crosstinks and ¢. 5% crosslnks.

Diffusion of Dioxane in Polystyrene
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Fig.3 Diffusion distance with time.
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Fig 4 reveals the swelling of the cylinders duning uptake of fluid with time,

d as the diff b actual and original diameter. The swelling

curves indicate somewhat simifar results to the velocities. In summary, a qualitative

interpretation of the data reveals the fact that a shight variation in cross-finking

results in a complete change of the diffusion type. The use of the extended Darcy-

equation, which has been sucessfully applied to simifar systems (4], fgiled, mostly

probably due to the extreme swelling of the spacimens. So other algoinhms have
to be found. A quantitative evaluation is currently under way.

Swelling of Polystyrene in Dioxane
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Fig.4 Radial swelling dynamics.

19¢.MRI has found limited application in biomedical problems, but it promises to
be a useful technique in material science (5], 197 is second only to the proton in
terms of sensitivity. Fluorine can be attached to organic compounds either by ditect
substitution or by derivatization. Fluorinated compounds are employed in technical
processes as solvents and for extraction, swelling and foaming agents for
polymers,

In analogy to the well-astablishéd use of chemical'shift 1H.MRI it should be
possible to track diffusion processes and liquid-liquid displacement mechanics with
19F.microscopy. Using the same set-up as for the 1H-images above, we could
visualize the penetration of CgFg into polystyrene, resulting in images quite simitar
to Fig.1. A liquid-liquid displacement pracess in the same polymer, with the PS
preswollen in benzene and then exposed to CgFg, is showa in Fig.5. In contrast to
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the combined diffusion-swelling process above, the pure diffusion tracked here
occurs without the formation of 2 weill-defined front, but seemingly moves through
channels and imegulasities in the mesh. & seems that the malerial does not have
mmdwﬁwmmmmamn

Fig5 1SF-Microscopy: Displacement of CgFg in already swollen PS sample.
FLASH Sequence with the same parameters as in Fig.1.

Fig 6 depicts the migration of an amino actd over PS-beads, which are swollen
in tetrahydrofurane. Such systems are used for the separation of peptides. Th
beads have an an enormous inner surface g of microch i
Separation is controlled by ditfusion between in bead and bulk volume. The amino
acid was derivatized with pentaffuorophenol, a common substrate for such com-
pounds. The figure shows a longitudinal section of a test tube filled with such
beads {single beads are not resolved). Following are three 19F-images: after addi-
tion of the amino acid (b), when penetrating the “column” (c) and when reaching
the bottom (d). The images show for the first tima, that the amino acid is capable of
unhindered ditfusion in the bead pores and therefore does not remain within the
beads.
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Fig6 a. 1Himage of PS beads in tetrahydrofurane.
b. - d. corresponding 19F images after addition of derivatized glycine.
Spin-Echo sequence.

Addttionally, we are investigating diffusion processes in polystyrene beads on a
more macroscopic scale by looking at packing homogeneity and shape of chro-
matographic bands in real chromatographic coiumns. Resulls are presented else-
where.
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Characterization of Stressed and Crosslinked Polymers by 13C-CP/MAS and
NMR Imaging

Winfried Kuhn, Isolde Theis and Elmar Koeller
Fraunhofer-Institute for Nondestructive Testing, Magnetic -Resonance
Division, Ensheimer Str. 48, D-6670 St. Ingbert

>

1. Introduction

Aging of polymers and elastomers.is a time dependent alteration of the
chemical composition and physical properties dependmg on the agmg
conditions. Chemical reactions and hence changes in the ch 1
composition result in many cases from influence by oxygen or solvents and
treatment of the bulk material at high temperatures. Aging of the materials by
mechanical strain as well as in an oxidative manner can alter the ratio of
amorphous to crystalline portions in the polymer, break chemical bondings
and hence can alter the physical behavior of the materials.
Aging processes have been studied in the past by the measurement of
macroscopic parameters such as mechanical and dielectric relaxation and-
thermal and electrical conductivity. From these experiments only a
! understanding of the aging process is possible.
The basis of agmg pr on the molecular level is up to now not known and
not well studied. Since the develop t of high resolution solid state NMR
spectroscopy exists a tool to study both the chemical composition as well as the
molecular dynamics of polymers and elastomers. By means of 13C-MAS the
chemical composition can be determined quantitatively and 13C.CP/MAS the
dynamic properties of the polymer chains can be studied by variation of the
cross polarization contact time and the determination not only of the spin
lattice and spin spin relaxation times of the protons, which are sensitive to
molecular motions in the MHz range but also the relaxation times for protons
and 13C nuclei in the rotating frame, which are sensitive to motions in the kHz
range. (1,2)
High field NMR imaging recently deve]oped and known as NMR microscopy,
(3), can in addition to spectroscopy give important information on the
morphology of the bulk matenal and mhomogeneous regxons of different
lecular mobility, elther by crosslink-i ities or aging of the
material. Inh iti lecular mobility can be detected by relaxation
imaging, which allows the spahally resolved determination of the spin lattice
relaxation time Ty, the spin spin relaxation time Ty and the relaxation time Tip
in the rotating frame. From such experiments images can be calculated
where.the contrast is proportional to the local relaxation times which are
finally pure relaxation images. Such measu ts can-be performed on the
bulk material as well as on material which is swollen in a protonated or
deuterated solvent (4). The swelling behavior depends on the crosslink density
and several other factors such as e.q. bnttleness, caused by oxydative aging.
Due to the swelling behavior Ty becomes longer and Ty is to expected shorter
because the increased mobility of the polymer chains, If the swelling is caused
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by pr ts it is expected-that only solvent distribution and their
relaxation times in the swollen polymer. can be determined. The diffusion
process itself and its time dependenca. can also be characterized because the
high mobility and tration of solvent protons. In case deuterated solvents
have been used the protons of the polymer 1£self and their relaxation times can
be detectéd. This should résult.in a more detalled information about the
mobxhty of the polymer chains itself. N

The aim of this study was to find 2 correlation bet arameters such
as the relaxation times Typp and TCH determined by l3C-CP/MAS and Ty from

PO IR |

1H spectroscopy. Detection of i ties d by different curing and |

aged by mechanical stress ‘and- oxxdatxon ‘on mono- and’ polysulﬁdxc
crosslinked natural rubber of the bulk’material as well as swollen polymers is
possible by IH-imaging.

2. Materials and Methods

2.1 Maferials

Natural rubber ples’treated by hanical and oxidative aging were used
for 'the study. The samples contained.carbon black, stearic acid, zinc oxide,
antioxidant, sulfur-and’ lerator for crosslinking and were mono. and
polysulﬁdic cross]inked and cured for 80 rin at 1500 C. The mechanical stress
occured in a Monsanto fatique tester with 100 % elongahon and & cycle time of
1's-until break. The material from the broken region was taken for
spectroscopy and imaging. Oxidative aging occured at 90° C for 4 days in an
air stream. The control experiments were performed 6n untreated samples
manufactured at the same curing:and crosslinking condmons The following
scheme shows the program under work.

crosslmkmg " -monosulfidic polysulfidic
curing condmons 8071500 8071500
untreated S 1 S 1
mechanical stressed S I S I
oxidative aged s ’ 1 T8 I

S:  '13C.CP/MAS with contact time variation and 13C-MAS spectroscopy was
performed

I:  Spin-echo i imaging and Ty.imaging on both the non swollen as well as
swollen'samples were performed.

For imaging rubber samples with a size of about 1.0 x 2 % 4 mm3 were used, To
study the swelling behavior and the diffusion of solvents in the samples a rod
of a length of 2.5 cm were stored for 3 min in deuterated cyclohexane (99,9 %).
To make sure that a two dxmensxona] diffusion occured a piece from the center
of this rod with the same dimensidns as described. above :was taken and
measured at 22° C. The weight of the sample was measured before and after
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the NMR expertment to determine the loss of solvent during the measuring
time.

To determine the diffusion behavior of the deuterated as well as protonated
cylohexane 2D 1mages were taken every 9 min with a recovery time TR=250 ms
and a spin echo time TE=1:7 ms. The evaluation of the diffusion time constants
accured according to ﬁg 1. Two orthogonal profiles were plotted and the ratio
between the flat region of the profile and the profile maxima was calculated
and'averaged. This value was then plotted versus the diffusion time,

WTENSTY

Fig.1
N wa Schematic draw of analyzing the
diffusion experiments. Two
perpendicular intensity plots across
(o XM the sample were taken. The average
2MIN value of the measured intensities.was
used for the calculation of the
diffusion behavior.

22  Spectroscopy

13C.CP/MAS spectroscopy was applied at a sample rotation frequency of 5.0
kHz using 2 7 mm rotor and & conventional high power broadband MAS
probehead, The contact time was varied between 1 ms and 40 ms in 32 steps at
different CP-times, From the resulting contact time curve we could determine
the position of the maxima and relaxatxon times in the rotating frame by
means of a d double ial fitting routines. The experiments
were performed on a Bruker MSL 400 spectrometer equipped with a
microimaging accessory.

23 Imaging

Imaging experiments were performed to localize the inh ities in the
observed slice, the size of the aged part of the material and to determine
spatially resolved the spin lattice relaxation time Ty,

For this studies fmages without any slice selection were taken from both the
unswollen as well as swollen samples with a slice thickness between 300 pm
and’2 mm. To reduce the spin echo time TE only hard pulses with a typical
pulse length of 8 us for a 90 degree pulse were applied. Gradient strengths of
150 mT/m were used for the in plane gradients to achieve a calculated pixel
resolution of 30 x 30 pm® The linewidth of the proton signal was about 1500 Hz
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which limits the spatial resolution in the images for the, apphed gradient
strength of 150 mT/m to 230 um. For data processing the tifne domain data
were filtered with a gaussian filter, baselme corrected and 2D transformed,
The - 1mages are represented by a 2562 data matrix. No other data

d. The Ty images were analyzed with a self-written
program (SUNRISE) using an a!gonthm described by. Dietrich et.al. (5). Ty
values, according magnetization M, in the.thermal equilibrium and the
saturation pulse angle were calculated for each-pixel..From this calculation
each of them can be ch as selection parameter and.for each of them a
parameter selective window can be adjusted The image dlsplay shows then
only such regions, where the choosen parameter fits in. This parameter
selective image analysis programm (SUNRISE) works for monoexponential
Ty and multxexponentxal Ty analysis using five different algorithms, is
written in C and runs on Bruker X32 as well as SUN4 workstations. Ty
imaging was performed by application of a 90 degree aperiodic pulse
saturation sequence (ﬁg 2)(6) fo'ﬂov@d by variable delays in a range between
50 ms and 3 s and a spin echo imaging sequence described above.

Fig.2

Ty-imaging pulse sequence with an
apenodxc saturation pulse train (APS)
prior the spin echo imaging sequence.
Imaging without slice selection

L T I N dm,

- ,—j {profile imaging) was applied.
d l'—l ! Between two.variable delays VD the
entire image was completely taken in

i 256 phase encoding steps. 8 variable

Y = delays between 50 ms and 3 s were
== choosen. The APS sequence started

with 512 ms, next value was 256 ms,
than 128 ms etc, until 16 ys,

8. Results and Discussion
3.1 13C-MAS and -CP/MAS-Spectroscopy

13C.MAS ts of all samples (untreated, mechanical and oxidative
aged) show the same well known spectra for natural rubber with no specific
characteristics (ﬁg 3). From CP/MAS- -spectra the contact time constant Toy
and the proton spin lattice relaxation time in the rotating frame. T,y could be
deter'dined for each spectral line in the 13C spectra. The monosulﬁdxc
crosslinked spectra show at a CP-time of 12 ms a signal at 46.4 ppm which
could be assxgned according to (7 to C-C bridges but could not be observed
without CP and in the polysulfidic samples.

Monosulfidic crosslinks

Same trend is found by the determination of Tyoy. For oxidative aged
material the Toy as well as Typy values show the same behavior for normal
and overcured material, The eva]uahon of the C=C signal at 125.3 ppm in the
spectra of the stressed overcured sample showed some difficulties and was
not interpretable. Aliphatic signals at 25 ppm show longer Tgy after
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Fig.8

13C.CP/MAS spectrum of a monosulfidic cured oxidatively aged natural
rubber sample, Contact time was 12 ms

mechanical stress and oxidation of the sample which could be a result of a
higher mobility of the polymer chains caused by changing the crosslink
structure through breaks of the crosslink knots. The same behavior
isobserved for Ty (table 1a and 1b)

Polysulfidic crosslinks

In parison to Midic crosslinks are in general remarkable shorter
Tey values observed which are caused by a lower mobility of the polymer
chains. The same behavxor is observed for Typn. Toy becomes shorter in

idative aged ed to nontreated material. The Ty,p values
show the same behavior (table 2a and 2b).




Table 1

chemical shift

fppm)

1346
1253
324
266
25

chemical shift
(ppm)

1346
1253
324
266
25

Table2

¢hemical shift
{ppm}

134.6
1253
324
266
235

chemical shift
{ppm)

1346
1253
324
%6
25

a) Ty - values [ms]
untreated stressed
119 114
68 43
15 25
20 58
32 96
b) Ty - values [ms)
untreated stressed
232 269
20,1 269
19.1 252
202 220
219 215
a) Tey - values [ms)
untreated stressed:
65 3.8
45
20 14
34 13
58 4.0
b) Ty - values {ms)
untreated stressed
154 15.7
143 201
125 135
146 174

198 184

aged 490°C

aged4d/90* C

465
27,7
26.7
255
271

aged4d4/90°C

apged 4 d/90°C

200
202
183
192
200
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32 Imaging
Strong T, weighted images were taken from all samples to show-relaxation
and spin densxty dependent contrast. The Ty welghted images from untreated
(fig. 4a), and oxidative aged (fig. 4b) monosulfidic unswollen ‘material show
similar structures, This structures can either be ¢ d by ties in
spin density or by inh crosslinked regions. There is no
charactenstxc dfference between aged and untreated material observable, T,
on fidic cr ples shows also no characteristic
dxﬂ'erences between untreated and stressed samples, but slightly lower Ty-
values in the oxidative aged 1

From the swollen material the
diffusion behavior of the solvent can be
derived. The- -images of the swollen
untreated as well.as treated material
look qualitativly very similar but the
diffussion time constant is quite
different. The diffusion can be
Ant. 4ol b AN ln the g 1.

£{00'150°C)
3 3" swollenin devteraled wdohexart
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21 e
e,
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mobility of the polymer chains during
the swelling process. Fig. 5a shows an
intensity plot according to fig. 2. In
fig. 5b the same plot is shown for the
oxidative aged material. The signal
decays to 50% intensity in the
untreated sample after 52 min while it
falls down to the same mtensxty in the
aged. sample after 73 min. Hence the
diffusion’ of the solvent is remarkable
slower in the aged sample compared
to the untreated material, This may be
caused by brittleness of the aged
material. This results indicate that
the diffusion time constant could be a
sensitive parameter to characterize .
the oxidative aging of monosulfidic

0 2% N 7 00 128

vme (i)
3
Aged § days, 90°C, Al
25
.
.
2 o, . e
.
15 LN
.
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! % S0 B 1%
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Fig.5

a) Intensity plot of the diffusion of
deuterated cyclohexane into an
untreated monosulfidic cured natural
rubber sample, b) Same plot as shown
in fig a) but of an oxidatively aged

crosslinked material. material,

From the Ty analysis no significant differences in the Ty values of untreated
and aged materials could be derived.

Pig. 6a shows a Ty weighted image of the unswollen polysulfidic crosslinked
overcured material. No remarkable difference between mono- and polysulfidic
crosslinked material‘is visible, Fig. 6b shows the image of the oxidative aged
unswollen sample, A region of about 300 pm thickness on each side of the
sample can be’ very clear observed and results from the oxidative aging.
Patameter selective Ty image analysis shows the differences in Ty the
nonaged (fig. 7a) and aged region (fig. 7b) of the sample. The Ty values of the




Fig4

Ty weighted images taken from unswollen monosulfidic crosslinked overcured
material. (a) untreated, (b) aged by air. The pixel resolution is 30 x 30 ym, slice
thickness is 500 pm, TR = 250 ms, TE = 1ms,

POLYSULFIDIC CURED (RIGIAE
D 4 DS

Fig.6
a) Ty weighted spin echo image of polysulfidic cured untreated matenal. The

image shows similar structures as the image taken from monosulfidic cured
sample.

b) Ty weighted spin echo image of polysulfidic cured oxidatively aged material.
The aging conditions were the same as for monosulfidic cured aged material,

Very clear visible are the aged regions and the nonaged region in the center of
the sample,
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Fig.7a

Results of the parameter selective T, image analysis of the images from the
sample shown in fig. 6b. The T, win&ow is in the range between 700 ms and
1050 ms: Only the magnetization in the aged region of the sample contributes
to the signal in the image.
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Fig.™

Same sample as in fig. 7a, but the T, window is now adjusted so that only
magnetization with relaxation timed between 500 ms and 700 ms contribute to
the image. Only the nonaged part of the sample is visible due to the higher
mobility of the molecules in this region.
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nonaged region are significantly 'shorter (500-700 ms) than in the aged regxon
where they are in a range between 700 ms and 1.2 s. The differences in
contrast are stll greater in the images of the swollen polysulfidic crosslinked
sample, The Ty image nalysis confirms the results obtained on the unswollen
material. The -mechanical?stressed polysulfidic crosslinked unswollen and
swollen samples show surprisingly sinilar structures as the oxidative aged
samples, The'same'is observed by Ty image analysis. The Ty values are
comparable to the values determined for the oxidative aged matenal This
could Fesult from the warming up of:the le during hanical stress
which leads to oxidative aging on the sample surface at the same time,

Cenclusion

It could be shown that high ﬁeld ging is a very promising method for the
characterization of aged and honaged elastomers. By means of parameter
selective Ty imaging regions with different crosslink densities or different
moiecular mobility caused either by the crosslinking process, aging by
mechamcal stress or in an oxidative manner can be clearly identified in
unswollen as well as swollen polysulfidic crosslinked material. Not only:the

.‘dxﬂ‘erences in molecular mobility can be detected by parameter selective

imaging but also the size of the aged regions in the sample can be measured,

Moreover inhomogeneities in the bulk material caused by any kind of defects
such as voids or crazes can be resolved if there size is in the order of 50 pm to
100 pm. The determination of the diffusion time constant of salvents diffusing
into the bulk material can also give valuable information about cresslink
density and aging of elostomers. It could be shown that' the diffusion of
deuterated cycloh and the.change in molecular mobility of the polymer
chains occur for aged and d les in- ifidic crosslinked
material quite d:fferently The 130 CP/MAS measurements can also be apphed
to characterize aging processes in ‘elastomers and prove the results obtained by
imaging experiments,
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FAST RADIAI: NMR IMAGING OF TRANSPORT PROCESSES

*** DOUGLAS M. SMITH*, AND ARVIND CAPRTHAN**
*UNM/NSF Center for Micro-Engineered Ceramics; University of New
Mexico, Albuquerque, NM 87131
**Lovelace Medical' Foundation, Research Division, 2425 Ridgecrest Dr.
SE, Albuquerque, .NM 87108

ABSTRACT

Fast NMR imaging“techniques for the study cf objects with circular
or spherical .symmetry are introduced. Quantitative, radially-resolved
information for ‘an object with circular: symmetry is obtained by Abel
inversion of a single one-dimensional (1D) NMR image or equivalently
by Hankel transformation of the 1D:time.domain NMR signal. With ade-
quate sensilivity, the entire image -information is obtained.in a single
experiméntal iteration, providing snapshot temporal resolution. Thus
these- techniques’ are useful for the study of transport phenomena.
Sphenical objects can also be radially. resolved.from a 1D projection
image by applying: two sequential Abel inversions, or in one simple
differentiation. step. These radial imaging- techniques are easy to imple-
ment and the computational and data storage requircments are
nominal, These- procedures are also applicable to microscopic and solids
NMR imaging, as well as to X-ray CAT and other projective imaging
techniques. Noise effects, and the detection and handling of distortions
from circular symmetry are also considered.

INTRODUCTION

Nuclear Magnetic R Imaging (NMRI or MRI) is a non-
invasive method for obmmng static distributions of nuclear spins
which, while: well-established in the ‘biomedical ficld, is becommg a
popular tool for basic sciences and engineering reséarch {1,2). It is also
an important tool for the study-of transport phenomcna NMRI is
noninvasive and so may be used to follow the time evolution of the
sample. Another advamage of NMRI is-that can rcadlly be combined
with NMR spectroscopic, relaxation and flow measufements o provide
spatially resolved chemical and physical information.

Because transport phenomena are dynamic processes, the NMRI
data must be collected quickly to obtain temporal resolution,
Unfortunately, the inherently low S/N.ratio and long Ty values {or NMR
as compared to other spectroscopies often necessitates long exper-
iment times. Only for very slow transport“mechamisms will these
experiment times result in information with sufficient time resolu-
tion to obtain accurate transport parameters, Gaigalas, et al. {3}
showed (using a model system with circular symmetry) that
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conventional two-dimensional (2D) NMRI of fast transport processes
can lead to blurred images. One solution is to cmploy fast 2D NMRI
schemes such as' FLASH [4,: and echo planar imaging [5). These
techniques "(which are basea-on gradient echoes) are often mappro-
priate for materials imaging because they do not refocus. T2" effects,
which are often srgnmcant for heterogeneous materials and solids,

Another solution is to impose high symmetry upon the sample i
and use 1D NMRI (several researchers use the term projection imaging, N
which we use synonymously with 1D NMRI). Gummerson, et al. [6},
studied unsaturated flow in porous media by imposing axial symmetry
upon the sample and imaging in the axial direction. Guillot, et al. {7},
monitored the drying process of a' cube-shaped limestone rock using 1D
(and 3D) NMRL. Blackband and Mansfield [8] demonstrated the Fickian
diffusion behavior of water in nylon at 1000C using 1D NMRL

Radlally symmetric (i.e., circular and spherical) systems are also
convenient for the study of transport. processes. First, only one or two
spatial parameters are involved, which makes for simpler modeling.
These .systems also experience reduced di (and tower
strain) [9). Many systems, e.g., drying porous sohds {7}, naturally take
on a spherical profile at advanced stages for this reason.

We have recently developed a fast 1D radial imaging (or, if onc
prefers, radially averaged® profiling) scheme for studying systems
with circular or spherical symmetry [10).-For a circular object, a 1D
NMR image signal fc(t) is obtained in a magnetic field gradient G;
aligned transverse to the sample symmetry axis. This signal is
converted to a radial image F(r) by using & Hankel transform HT, or
equivalently in two steps by a Fourier transform FT followed by.a
inverse Abel transform IAT {11}, ie.,

F(r) = HTlfc(t] = IAT(FT{fc())). (1

1D NMRI yields the highest signal-to-noise (S/N) ratio [12) for a fixed
experiment time, because all of the spins in the sample are refocussed
at each repetition, and all repetitions are added. HT or JAT{FT):
processing yields a radial profile with spatiaiiy invariant resolution,

The enhanced S/N ratio makes radial imaging useful.for sludymg
small samples, or for xmagmg lcss sensitive nuclei. Thus radial imaging
is ,," ble to micr g transport stedies {13). Fast
imaging is also useful for NMRI expenmems which involye the
collection and processing of much data. For example, we are currently
using radial imaging to characterize the evolution of pore structure and
connectedness in cylindrically cast sol-gels during aging and drying
processes [14]). The determination of pore size distributions involves
the collection of many (20 or more) T1 or T2-weighted datasets, [15],
followed by a point-for-point -inversion of the data. Radial imaging
yields the data mn compact form in the shortest time.
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The noise in NMR data presents special considerations for radial
imaging. Whereas FT processing of random noise returns random noise,
Abel inversion distribues noise in an envelope which has an approx-
imately 1/r radial dependence [16], yielding a higher S/N ratio at the
edge of the sample. This is because the integration fimits for the IAT
transform vary with radius over the projection image. Thus, radial
imaging yields a less noisy signal at the ouler edge of a radially
symmefric object, at the expense of features at the center.

Radial imaging requires true radial (circular or spherical)
symmetsy. Sample imperfections such as point defects or eccentricity
will yield incorrect resulis. Radial symmetry is inferred by mirror
symmetlry (a nccessary though not sufficient condition) in the trans-
verse 1D NMR images. This can be checked by comparing projection
images obtained at several transverse angles. If the images vary in
shape, width, or symmetry, then the object is asymmetric. One can
collect as many independent image angles as the kinetics of the trans-
port process allows, which (if equivalent) can be added to enhance the
SIN ratio.

In the presence of one or a few point defects, i.c., sites of high or
low spin density,-one can sometimes minimize or avoid image
distortions by moving the defect(s) to the center (where the S/N ratio
is poor anyway) or to onc side of the projection image and the IAT

lied exclusively to the other half. Such distortions can
of(cn be ellmmatcd by carcful sample preparation and alignment

(pespendicular to the imaging gradi and parallel 1o the gravity
vector if important).
We have tested the radial imaging procedure by ing the

effective diffusivity and time-resolved radial concentration profile of
water in a model porous solid [17]. An ultra-fine zirconia powder with
fairly narrow particle size distribution (Toyo Soda Chemical) was
pelleted (1.27 cm OD vs. 1.33 c¢m in !ength) at 7,000 psia without a
binder, and subsequently calcined at 1173 K in air. Before imaging, the
sample ends were sealed with silicone and the pellet was
concentrically placed within a cylindrical bottle (2.54 ¢m id.) and
saturated with distiled water. The bottle was then filled with 2H20
to the height of the pellet and intermittent TH NMR images were
obtained at 1-10 minute intervals over eight hours.

One dimensional TH spin echo (909-1-1809-1-acquire) NMRI
measurements were performed at a Larmor frequency of 80.34 MHz.
The interpulse spacing t = 5 msec. One hundred twenty-eight complex

points were acquired with a dwell time of 50 pusec in the presence of
a 2 Gauss/cm magnetic field gradient which was a'igned transverse
to the sample symmetry axis, yielding a spatial resolution of
approximately 184 pm. Thirty-two, 0.5 second repetitions were
performec-to enhance the S/N ralio, yielding an experiment time of
approximately 17 seconds.

The data was Fourier transformed and the 1D magnitude image




was refained. The first moment of the image was>assigned to the
origin_for the Abel inversion (r-0), and data points equidistant from
the origin were averaged to further enhance the S/N ratio. Abel
inversion yielded the temporally resolved radial images. The initial
change of average proton concentration was used to determine the
effective diffusivity of wafer in the pellet (Dg = 6.7-1 06 cmzlsec)
This value was used to calculate a time-resolved radial ration
profile, which was compared withthe experimental images as shown in
Fig. 1.
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Figure 1. 1H NMR radizl images (points) and calculated profiles (solid-
curves) showmg the normalized concentration of 1H20 for a porous
cyhndncal zirconia pellet which was “saturated in H20 and immersed
in 2H20. The images were collected (a) Os; (b) 6005; (c) 900s; and
(d)3400s atter adding the 2H20. The radial resolution is 184 um See
text for details.
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CHARACTERIZATION OF BIOMATERIALS. WITH NMR
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NMR Cexter, Massachusett Gsneral Hospital and Harvard Medical School, 149 13th St.,
Charlestown, MA 02129.

ABSTRACT

Slhoone based biomaterials are charactesized with NMR. Bulk spin-lattice (Ty) and spm-spm
(T3) relaxation times are d in polydimethylsil (PDMS) model networks and various
types of implants. The.T; results secm to indicate that crosslink densities of these biomaterials
are lower than thosc of the PDMS model networks studied. 'H chemical shift NMR imaging
techniques are developed to investigate the aging (e g, migration of free polymer, rupture due
to mechanical stress, etc.) of biomaterjals in vivo,

INTRODUCTION

Over the past 30 years, plastic and reconstructive surgical prooedurcs have experienced sig-
nificant changes, in part because of the devel t of new or improved synthetic subst
for the xeplmn'ent of tissues (1,2} Although these als are biocompatible, the beti
device Iifetime is often found to be very short. The imp: ¢ of the bi ti
and perf quites the und ding of the chemical and structural changes mduccd in
the material after implantation.

Silicone (PDMS) oil and rubber are the most widely used ma.mly because of their jnertness,
oxidative and thermal stability at high temp , flexibility and elasticity at low temperat
and nonadhesiveness to tissucs {3,4]. Although, some studies indicate that PDMS has practically
no adverse tissue reactions, toxic effects are often found due to migration of free PDMS molecul,
(oil and unreacted materials in the xubber) [5«7) and ﬁ‘ler pamdes (SlOz) (8,9} from the implant.
M 1, the implant function is fi d because of absorption of body fluid

ts (10} and chemical reacti 18 with them {11,12].

The sensitivity of the NMR signal to the environment of  given nucléar spin is well known.
Such environmental features include chemical composition and structure, which are redected
in the detalls of the chemical shift spactrum, as well as molecular and chain anamxm, which
affect relaxation parameters such as Ty and Tz. NMR can produce chemically specific images
in which the coatrast between different regions will be related to differences in their Ty, Ty
and concentration of the nuclei being obsetved, and it will depend upon the imaging sequence
parameters (flip angle, echo time, ¢tc.).

Previous studies on PDMS have shown the effects of radiation [13), presence of filler {14 and
solvents (15]. on proton Ty and Ty« It is'found that only Ty, which is affected by low frequency
motions involving large portions of the 1 , is altered sxgmﬁcantly The presence of
crosslinks and physical or chemical polymer-filler int ¢tions hinder mol tions, reducing
T values, The opposite occurs for swollen networks with T increasing as the degree of swelling
increases. The degradation of the network structure after implantation may increase molecul
mobility (i e., break-down of polymer chains, reduction in polymer-filler interactions, absorption
of lipids) and, therefore, T; may increase as well. Thus, by Tz-weighted imaging it will be
possible to map changes in T2 that will be related to the implant molecular structure, the degree
of swelling and the extend of these changes. Also, Tz~weighted images will allow the measurement
of the amount of unreacted material present in the implant when the erosslinking reaction takes
place pattially or totally in situ {16}

Howevet, in otdet to study the chemical or structural changes induced in implanted silicones
by YH NMR imaging it is Yy to sep the ibution of the PDMS protons to the

Mat, Res. Soc. Symp, Proc. Vol. 217, ©1991 Materlals Research Soclety
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NMR signal from that of the two major components present in animal and humzn tissues:
water and fat. Different techmques have been proposed to enab]e spatjal resoluhon of spectra
{17-19) and, fa particular, the separation fat-water bas captured wide The p

of a 2lmd resonance which corresponds to silicone protons makes it necessary to develop and
P hemical shift sensitive pulse seq that will enable the acquisition of the desired
info ie., the distnb of silicone in implant and tissue.

‘The aim of tlus work i§ to develop NMR spectroscopic and i imaging methods for the char-
acterization of silicone based biomaterials, in particular, to study in vivo the migration of free
material (¢ g , polymer, reactants, particles, etc.) from the implant to adjacent tissue and the
blomaterial aging.

EXPERIMENTAL
Mategials, *

PDMS model networks were preparéd by exd-linking reaction of divinyl-terminated PDMS
chains having a number-average molecular weight between 3,000 and 18,000 g mol™! witk
5i{0-Si(CHs)2H)u in the usual manner [20).

Various unused silicone biomaterials from different manufacturers were studied inclading
¢hins, tissue expandets, breast implants, finger joints, etc.

Animal model,

Sprague-Dawley male rats (250 g) were used, Under general anesthesia (pentobarbital, 60
mg kg=*} sterilized implants containing silicone oil with & viscosity of 1,000 cp were surgically
placed in the rat’ lower back. The imaging was performed on animals at different time points

beginnlig 2 week after the implantation. During the imagjng procedure, general anesthesia was
maintained by delivering nitrous oxide oxygen gas (1:4 viv) via face mask to the animal,

Instrumentation and fechniques.

The NMR relaxation measutements and the in vitro NMR imaging of PDMS model networks
and silicone implants were petformed on an MSL 400 spectrometer/imager (Btuker Instruments,
Billerica, MA) equipped with an Oxford 94 T (proton {requency at 400,13 MHz) 8.9 ¢m vertical
bore superconducting magnet. ’

Bulk Ty and T, measurements were carried ont using inversion recovery (IR and spin echo
(SE) sequences, respectively, The results are shown in Table I. The invezsion time in the IR
sequence was vatied between 0 and 10 8. The echo time (TE, time between' the 90° RF pulse
and the center of the echo) in the SE sequence ranged from 10~ to 1's. The repetition time,
TR, was 10 s in both cases, more than five times Ty«

31 NMR images of the silicone implants were obtained using two-di } Fourier trans-
form (2DFT) SE techniques with TEs on the order of 3 to 10 ms, The selective excitation of a
slice throughout the sample 500 prm thick was achieved with a 1 ms wide sing-function amplitude
modulated RF pulse. The pulse sequence TR was typically 1 s,

The in vivo NMR imaging of implants was performed in an Omega system (General Electric,
Fremont, CA) 4.7 T (proton frequency at 200.13 Miz) with 3n 20 cm horizontal bore supezcon-
ducting magnet, The pulse sequence used is shown in Fig. 1. It combines IR with chemical shift
selective excitation in order to disctiminate the PDMS proton signal from that of fat and water
present in animal tissues.

RESULTS AND DISCUSSION

As expected, the Ty dependence on fink density in the PDMS model networks is very
small, showing aslight as the molecular weight bet links decreases (see Table I).
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Table I: Ty ‘and T, values of PDMS and silicone biomaterials
<
Sample M Ty Tat ¢ Ta®
(gmol™) (s) (ms) (ms)
* Polymer 7400 142 437 ~ ~—
Network 3,700 .19 080 —~ ~—
7400 125 131 — -~
18,000 134 288 = e
finger -— 118 424 —~ =
— 125 338 — =
chin — L10 770 ==
- 114 475 —~ -
breast(gel) = 135 576 043 248
tube - 129 362 o~~~ -
sheet — 124 208 =~ o~
expander -— 121 100 0.61 4.79
a Molecula.r we:gh! numb erage ( linked) or molecular weight b link
t with short spin-spin relaxation time.
¢ Ftactxon of the component w:th short T, contnbuting to the NMR signal (f, + fi = 1)
4 Comp with long spin-spin relaxation time.
‘The T2 changes are more p d, As ioned above, !he lecular mobility is reduced
as the molecular weight between links d g T2. The Ty values of the

biomaterials are larger than those found in the model networks studied which suggest that
implants have lower crosslink densities. There are two exceptions. the sheet and the tissue
expander have values within the range of Tys of the networks,

It is notable that the *H NMR spectra of the finger joints and chin implants have two main
resonances, resolve, with a small difference in their T8 (sce Table I). This might be attributed to
the presence of, at least, two types of side groups attached to the Si atoms in the backbone. Oaly
two of the biomaterials studied give the best fit to the experimental results with a biexponential
function (two component model), This may be interpreted as the result of two contributions to

180 90 180CSS echo
w—dl A\ o
Gx — 1
-——8
Gz N

Pigure 1. Hybrid pulse sequence for in vivo NMR imaging experiments. It exploits the
differences between Tys of the fat protons and those of water and silicone, and
the Ui chemical shift of tissue and PDMS. Typically the inversion time (T1) is
about 150 ms, TE is 20 ms and the repetition time (TR} is 500 ms, The chemical
shift selective excitation is achieved with a 3 ms wide sinc-function amplitude
modulated 180° RF pulse.




the NMR signal, each fraction with a diff degree of molecul bility, In particular, the

results for the gel in the breast implants seem to indicate that the polymer is shghtly crosshinked

to an extent of 40 %. The uncrosslinked material is Iikely to migrate to the implant surface

or to ad;acent tnssua if i n is xmplantcd ‘This and other aspec!s related to biomaterials (ie,
ty) could be i gated with NMR imag;

In Fig. 2is s shown the 'H NMR } image of a chin implant. Several dark spots can be seen

throughout the 500 um thick section. The lack of NMR slgnal in these areas could be attributed
to the presence of air bubbles or, perhaps, p i

detailed understanding requires further studies.
To assess the migration of free silicone from the implant to adjacent tissue or fat infiltration
ito it in vivo by *H NMR imaging, it is necessary to discriminate the PDMS proton NMR
signal from those of fat and water (main components of ammal tissues). We have achieved it by
using the pulse sequence described in Fig. 1. The results obtained with a rat model are shown
m Fig. 3. The image on the left shows a cross section at the rat’s lower back obtained with a
I SE seqi All three (water,fat and silicone) are visible. An atrow
points to the silicone implant, Jn the image on right only the silicone distribution is mapped. In
this case, the data was acquired using an IR~chemical shift selective excitation pulse sequence.
The tissue and sub fat are completel, d. Some residual fat mainly in the
digestive tract is visible (fat in food might have different NMR relaxation behavior). At this
carly stage, two weeks after implantation, no significant changes are cbserved in the implant nor

in the surrounding tissue, Work on ths long time effects on bjomateriat NMR properties and
tissue silicone interactions arc in progress.

g] putities. At the s & more

CONCLUSIONS

The results obtained in this worh d that "H NMR imaging is an effective tool for
the ch it of silicone implants both in uitro and ia vive. The images of vaused chin
implants show spatial inhomogeneities that might be a possible cause of unwanted complications,
We have developed a pulse sequence that allows the separation of the proton, NMR signals of fat,
water in tissue and silicone. This sequence will enable the in vive study of implant aging, The
NMR zel ts, in particular T, of the bi ials studied indicate that there

Figure 2. *H NMR image of a chun implant obtained using 2DFT spin echo xechmque with
TE of 2.8 ms and TR of 1 s at 9.4 T. The imaging me was 17 min. The slice
thickness is 500 um. The In plane resolution s 128 X by 128 Y pixels of 150 by
130 pum, respectively. Heterogeneities are readily vistble,
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Pigure 3. Transverse "I NMR images of a rat wunng a sihcone implant two weeks after implamtation, The
image ot the top was obtained nyeg standard 2DFT spin echo technique witk TE of 20 ;s and TR of 500 rus at
47T, Fat, tissuc and silicone (atrow) aze Visible, The imaging time was 4 3 min. The slice thickness fs 3 mra, The
invplane mohuon §8 256 X by 128 Y paxels of 390, by 181 pm, respectively. The fmage at the bottom shows only
the sibcone distnbation (fat §a digestive tract is scen). The data was accuired wiing the pulse sequence shown in
Big. 1. The other parameters are the same to those in top image.
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is no free polymer present in them except in'the breast implants. In the later case more than
half of the contribution to the *H NMR stgnal is from froe PDMS which might migrate out of
the implant.

Although additjonal i3 igations are required to fully understand the otigiu of the hetero-
genemes observed in some xmplants, it is'clear that NMR imaging will be extremely useful as a
tive tool for monitoring the uniformity of these and other types of implants. Also, by

offering the possibility of swdymg in vivo the interaction tissuc-biomaterial, this technique will
allow better design and improvement of implants.
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A STUDY OF CHANGES IN POLY(METHYL METHACRYLATE) (pMMA)
RESULTING FROM.THE AD%%}I{&%(&](\; OF METHANOL USING NMR

NQRBERT SCHUFE, PHILLIP A. HORNUNG AND EVAN H, WILLIAMS,
Varian A Nuclear Magnetic R I 3120 Hansen Way, Palo Alto CA
94304, USA

ABSTRACT

The und ding of the adsorption of sol  into ials is of great interest in
different fields of matenal science. NMR imaging techniques can be used to follow the process
of solvent adsorption by obtaining spatial and chemical inf ion in a nond ive way,
We report here a study of the uptake of methanol (2 non-solvent) into poly(methyl methacrylate)
beads produced by suspension polymerization dnd into compressi Idings. In both cases,
the uptake is far faster than the rate of - diffusion d elsewhere, We alsoall the
nonreversible nature of this uptake with respect to temperature eycling.

INTRODUCTION

The effects of methanol on poly(methyl methacrylate) (pMMA) arc of considerable interest
and imp In fabricated items, exp causes problems; methanol is a potent agent for
stress-crazing {1,2) and cracking {3}, The distubution of methanol in pMMA as a function of
morphology has been reported, both as a diffusion study in homogencous samples using
imaging techniques (4] and in samples that had spatial heterogeneity 5],

This work extends that of {5} and § igates the spattal distribution of methanol both in
PMMA beads and in pressure moulded samples as a function of time and of temperature.

EXPERIMENTAL PROCEDURES

The pMMA used was that designated as LMW {table 1, {6)). This is a Jow molecular
weight pPMMA purchased from Polyscience and was prepared by ion polymerizati

PelSion po h
Pressure moulded samples of this polymer.were prepared by filling a 3 mm diameter
mould and then subjecting this to 90 tonnes pressure in & press, until the resulting eylinder of

e .3
*7"NMR imaging was performed on a Varian Associates Unity-300 sp perating at
7.04 T and equipped with microimaging and with complete solids modul
I f d using 2 teck Backproj images of the actual pMMA

§ing was p \ proj
beads was performed in a Varian 5 mm widehine probe in which the n/2 pulsewidth was 1.2
usec. TE used was 200 psec and the gradtent strength was up 1o 70 G/em, Reconstruction was
performed in a phase sensitive mode, Spin warp images of the methanol surrourding pMMA
samples were obtained on the same spectrometer using a S mm TH/I9F high resolution probe
inside the standard external gradient set, The TE (15 msec) used was selected to give maximum
contrast for cach phase of the experiment. The TR used was 1 second. Pixel resolution was 30
pm and shice thickness 400 pm. The displayed images were threshold equalized and
photographed on an Agfa-Matrix 6000 camera system,
Images were obtained under th d cond at the temp
Temperatare stability was typically 20,4 °C
‘The spin warp imaging protocol used both for the beads and for the mouldings was the
same and followed the following course, Beads were placed in 2 5 mm NMR tube and
methanol was added to cover them with an excess depth of approximately 4 rom. The tube was
quickly agitated to remove as many air bubbles as gossible and then placed in the spectrometer.
Images were obtained at ambient temperature (22 °C) every 30 minutes for 2 hours or until the
thanol was evenly distnbuced, The sample was then raised to 40 °C and then equilibrated

o 3
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after which a further image was obtained. Fanally the temperature was dropped to 25 °C,
equilibrated and then an image taken immediately and a further image taken after 30 minutes.

RESULTS

Backpraiection

Although good images of the beads could be obtained using this methodology, no intemal
structure could be discerned, The average bead diameter was observed to be of the order of 300
g(r)n Any internal voids were therefore estimated to be less than the pixel resolution which was

fm,

sai . fheadsi

A typical image obtained is shown in the left hand image of figure 1. Although there is
some vanation in intensity within various beads, this was seen to be invariant with ime and so
was not indicatve of diffusion into the beads, As with the backprojection images the average
bead size was observed to be 300 pm, indicating that there were no major arifacts contributing
to apparent size.

Figure 1, Images of pMMA beads in water (left) and in methanol (right) after 180 minutes,
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; Sgi . £ beqds in mpethanol
Uptake of methanol leads to a Joss of defimition of the beads. This is illustrated by the
right hand image of figure 1.

P ——

Figure 2, Time course of uptake of methanol into pMMA beads, Times shown are (from
left to right) 30, 60, 90 and 120 minutes.

Figure 2 shows a typical set of images taken during the equilibration phase of the p L,
The bottom (120 minute) image shows that the intensity of the methanol signal is uaiform over a
far larger proportion of the sample than would be expected for diffusion through solid pMMA.
As can be seen, the methano! intensity increases over the period of 120 minutes with the sample
losing differentiation of structure, This 1s illustrated in graph 1 in which we have plotted the
uptake of methanol against time, Uptake is simply reported as the loss in column height of the
supematant methanol,
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| Graph L, A plot of methanol uptaks against time for pMMA beads. Uptake is measured
as the loss of supernatant methanol height, The data are shown with resolution as the Y axis
ervor and a simple line of best fitis included.

The left hand side of figure 3 shows the effect of raising the sample temperature to 40 °C.
«he two large voids are air bubbles, This image shows a neatly uniform distnbution of
mbzmangl téxcrggghout the sample, with little bead structure visible, Little free methanol is visible
above the beads,

Bigure 3, Companison of the methano! distubution f pMMA beads at 40 °C (left) and
subsequently at 25 °C (right).
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An image obtained after the tcmpcraturc drop to 25 °Cis shown in the nght hand side of
figure 3. Thcre 15 far more visible structure in the sample although not of the
nature. Furth these is considerably more free meth, wsxblc above the pMMA.
As reported eather {5); the optical and other physical p of these samples change
during the methanol uptake and change again dunng the tcmpcmmrc cycle.
During uptake the beads swell and become transparent. They rapidly become stuck
together so that i it is impossible to shake them abou: in the tube. With the increase in
held in a rbath lose all and appear as one
homogcncous, transparent mass
y upon sub ilibration at 25 °C the samples became white in
appearance and could be rcadnly agitated, settling in the tube and leaving an upper layer of free
methanol. As shown earlier, the process was mcvcrsnblc

Little apparent uptake of methahol was observed in the mouldi bi

On increasing the sample temperature to 40 °Cirregular uptakc was observed as shown in
the time course senes of figure 4.

Figure 4, lmagcs of amoulding in mcxhanoL From Teft to right the images are = after 180

munutes at I then quently after 30, 60 and 120 mnutes at 40 °C.
After renai 10 25 °C, the samples showed a reduced methanol intensity, with a loss in
trast, Visualinspection led that the mouldings had become opaquc.
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DISCUSSION

Emumummﬁ.bmm:mbazlsl.xmamﬁnmcm
O used p spbczewk:ﬁxsboaqmmbe_du voiis. The size distibution
of these voids is coati asisevi by foa iztages and by the uniform
ptake of methano] at 2mbs by e beads. The speed of vprake throughout the
mksm«cdcmwmuxﬂumsmmwmaam

Weisenberger er el. [5] have stedied the diffusion .o{mh:aolmzop\l.\mandh:\-efumd
it1o be linear with time (case 1) rather than being Fickian i nature. They repont a front velocity
ofSr.mIs.Fxm..xmxc:nbcscmth:u‘xcm:lofmmofmkm]xrtoasolxdbad
of pMMA would be 18 iim in 1 bour - a raie far slower than that observed ia the experiments
repovied here,

Tbcc!mxgcnappﬂ...ncezndmdw hanol distribui a.ler 7 eycling.
strongly suggests that the beads have fi d 2nd, in add; d in some »ay so as 1o
preclade ferther methanol vpiake. Alien etal. [5) arguclhai thcl:rger voids may bave filled
with mezkarol as well as the space be the bmdz. loosc packing of pMMA

in the beads permits chain conf 1 ch 10

However, this work suggests rather that ¢ upon coolmg mﬂhanol is excluded from the
PMMA that remains 2fier fracture of the beads.

Thes it 2ppears likely that during th= faitial equilibeation, methanol is rapidly 12kea up into
the beads and fills the voids in them. As the temperature is raised, chain reorientation may
indeed oceus, allowing swelling of the beads which may also be facilitated by plasticization by
the methanol [7). Diffusion may also be a contributing process as the tnzshanol front tvelocity is
sufficient to penctrate much of a spongy interior When the is}
the methanol in the voids contrzcts fasier than rew methanol can be taken up, resuliing in a
partial collapse of the voids with concomitant fracturing of the pMMA structure sumrounding.,
Once fractured, the beads disin‘egrate sufficiendy to allow release of methanol. The void
strueture is also destroyed and so the pptake process is ieversible,

S ing jn

Here the process is similar to that seen in the beads except that the compression moulding

process \wuld 2ppearto cffectively remove the intemal voids in the beads. However, there are
Iefi in the moulding and it is these channels that 1ake up the methanol.

This process is far slower than that in the beads at ambi P and it is possible that
this is primarily duc 1o to viscosity effects.

‘The movement of the methanol front was measured 10 be 255 nmy/s, clearly far faster than
that expected for diffusion through homogencous pMMA.

Temperature cycling had the expected result - the structure of the sample altered, excluding
methanol. Although the sample was opaque, it maintained structural integrity, but was easy to
crush.
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OXYGEN-17 AND PROTON MR MICROSCOPY I MATERIALS ANALYSIS
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ABSTRACT

Preliminary results of two applications of 170/)H NMR mi-
croimaging (MRsI) are described. 1In the first case, it is
shown that oxygen~17 MRsI presents a unique advantage in
situations where a strong proton backgrocund hinders the analy-
sis of water ingress in polymeric materials. This is illustra-
ted With-17p-enriched water diffusion into an agar gel from a
central well. While proton imaging canrot_readily distingquish
bets and endog water, 170 imaging makes a
clear differentiation, due to the fact that the natural abun-
dance gel has virtually no 270 background. In the second case,
proton MRyI was used to anpalyze the structure and performance
of commexrcial time-release pellets (ProMacR) containing an
active ingredient (surfactant) dispersed into an inert matrix.
This was done after leaching the detergent with natural abun-
dance water or after drying the leached sample and refilling
the pores with water. Pores ranging in size from 25 to 325
sm  diameter are clearly visual ized. The lH images have been
quantitated with coxmercial image analysis software in terms
of the total porosity and the individual pore characteristics.
Two types of water can be separately imaged: "bound" water
with restricted mobility (interacting with the polymer mat-
rix), and "free" water (in large pools). The majority of
water is in the bounad state. It is possible to evaluate the
control-release performance of the product from the size of
the pores, the uniformity of dispersion and the time course of
detergent-water exchange.

INTRODUCTION

The oxygen-17 nucleus is generally regarded as "unfavor-
able" for NMR experiments for two principal reasons: quadrupo-
lar 1line broadening and very low natural abundance. Until
recently, its use in MR imaging has not even been considered.

However, the feasibility of 170 MRI and localized spec-
troscopy has been demonstrated during the past three years.
Indeed, it has been shownl~1l that the "unfavorable" magnetic
resonance properties of 170 can actually be turned into advan~
tages: the fast relaxation allows much shorter pulse intervals
than with proton, and even modest isotopic enrichment dramati-
cally increases the signal-to-contrast ratio. Thus, an enrich~-
ment of 3.7 atom % increases the concentration by a factor of
100 and decreases the measurement {:ime by a factor of
10,000. In fact, in vivo detection uf local (mouse brain)
concgntrations as low as 0.5% 32170 ha: been recently repor-
ted.

The low gamma of 270 leads to the necessity of increasing
the gradient strength by a factor of 7.37 (the Tj/Yo ratio) in
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order to achieve a resolution comparable to that of proton
MRI. This is quite feasible with high performance NMR instru-
ments generally eeployed for materials.characterization.
Perhaps, the'rost important atribute of 170 MRuI resides
in the possibility to detect labeled water molecules in a
large pool” of water. This opens a unique avenue towards
precise determination of net transport of water -in systems
that " naturally contain water and/or mobile protons (e.g.,
elastomers, .biopolymers, etc). The specific example presented
in this communication refers to migratjon of‘water through an
agar gel. . b
g_‘ gith ‘regard to proton imaging, it is shown here that an
adequate_resolution can be obtained by employing small sample
size. in a microscop y attached.to a high performance
NMR System. This is illustrated by the measurement of pore si-
zes in a ProMacR material,l2 a low density polyethylene (LDPE)
coextruded with a surfactant (LAS, linear alkylbenzene sulfo-
nate) to form a time-release system.l2 The surfactant is a
bactericide used to enhance the reclamation of land after
surface mining. It inhibits the growth of acid-producing
bacteria which hinder revegetation.

MATERIALS .AND METHODS

Oxygen-17 and proton images were obtained on a Bruker MSL
400 system equipped with a double resonance (170/1H} microima-
ging probe which also incorporates the gradient coils. Gradi-
ent strengths in excess of 100 Gauss/cm can be obtained. Pro-
ton spectra were taken with a Bruker AM~200 instrument.
= FMR micrographs were taken employing two kinds of spin
warp sequences: one with a soft 90° (single lobe sinc) pulse

.for slice selection followed by a hard 180° pulse, in order to

obtain short echo times (TE) for imaging of "bound" water; the
other, with both soft pulses, for imaging "free" water. Speci-
fic parzmeters are given in the text or ir (Pigure captions.

Oxygen-17 enriched (40 atom $) water-was purchased from
the Monsanto-Mound laboratories. Natural abundance water was
distilled and delonized. ~

The agar gel .(0.7%) was prepared with hot (80 ©C) water,
poured in two identical 18 mm I.D. NMR tubes, each containing
a concentrical 5 mm 0.D. tube. After cooling, the S5 mm tubes
were removed to obtain the'wells in which the natural abun-
dance or 170-1abeled water was placed at the beginning of each
diffusion experiment.

Two kinds of ProMacR (42.5 % LAS)/LDPE) rods were inves-
tigated: one having a 7 mm diamater (PRO1l) and the other
having a 4 mm diameter (PRO2).

A rod of PRO1, 2 cm long, was extracted by stirring in
600 ml of distilled water at ambient temperature for 10 days.
The water was changed twice a day. After xremoving external
excess water with filter paper, the leached sample was imaged
for both bound and free water. A control consisting of un-
leached PRO1 was wrapped in wet filter paper in order to show
that, in our conditions, both the surfactant (LAS) and, LDPE
did not yield an image. i

After leaching, rods of PRO2 were dried in the ovan at
70 ©C. They were then placed in NMR tubes containing a quunti-
ty of water which was approximately twice the volume of, the
rod. The tubes were sealed and kept in a bath at 70 °C for 20
hours. Since there was very little indication of water inyress
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the tubes-were removed from the bath and stored 100 days at
room temperature to allow completion of the diffusion process.
The samples were imaged after removal of excess external water
with filter paper. All images were performed in 10 mm inserts.

The percent “porosity and pore size parameters (length,
width, area, perimeter, shape function) were determined using
the stored image znalysis (SIA) software on a Tracor Northern
Energy Dispersive X-ray Analyzer.

RESULTS AND DISCUSSION

Water Diffusion in Agar Gel

A comparison of’proton and oxygen-17 images taken at the
beginning ard the end of parallel studies of water transport
within a mass-of agar gel is shown in Figure 1. It is obvious

Ny
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Pigure 1. asb: proton images of a 500 pm slice trough the agar gel phan«
toa described In the Materfals and Methods section. A spin warp sequence
with soft 90 and 180° pulses was employed with echo times (TE) of 12 =s,
£{eld of view 26 om and 113 pm/pixel xesolution. a: Image’taken approxi-
mately one hour after gel preparatfon and adding natural abundance water
in the central well; time of repetition (TR) 1s, total experiment time
(ET)= 8 min. b: Image after 20 hr; ET =~ 16 nin. c&d: oxygen-17 images of a
sizilar phantom as above, but after ddding 5 atom 3 }70-wacer in the cen-
tral well. A hard 180° pulse was used to shorten the echo time, ci {-mage
at five minutes. d: image at 108 ninutes. TE = 2 ms, TR = 28 ms, ET = &4
nin, ST ~ 14 mm, xesolutfion 157 um/pixel.

that the evaluation of a diffusion coefficient from proton
data is virtually impossible. In dramatic contrast, the 170
images 'provide unambiguous data for the calculation of H»0
diffusion. Work is in progress for the adaptation of Fick's
law to three diménsional NMR determination of the diffusion
coefticient. Performing parallel experirents with D0 will
contribute to the understanding of this complicated process.
We emphasize here the strong difference between the behavior
of oxygen and hydrogen as representatives of a given water
nolecule. Indeed, while oxygen will be pecrmanently attached to
the criginally labeled molecule, hydrogen or deuterium will be
rapidly-separated from it by intermolecular exchange processes.
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Proton MR Microscopy of 'Porous Polyethylene

In preparation for MRsI, one dimensional 1y spectroscopy
was performed on the samples. Initial attempts-to hydrate
ProMacR rods for study of the water or surfactant were unsuc-
cessful. After equilibration to‘a relative humidity of 74% a
broad featureless line is observed with a linewidth of ~1300
Hz. There is no chemical shift resolution, so this signal may
be from either water or surfactant. Attempts were made to
induce proton mobility by raising the temperature. At 90 ©C
the linewidth was 430 Hz., These preparations were not judged
to yleld samples suitable for imaging.

Exchanging the LAS for water by soaking the material in
water for ten days yielded 200 Hz (water) linewidths. A small

Figure 2

shoulder at high field was detected, This could be interpre-
ted either as a susceptibility effect or as due to residual
surfactant. The water that £ills the volds left by the leached
1AS constitutes the source of signal for imaging.

Flgure 2 (upper left) shows a transverse NMR nicroimage
yielded by the' leached LDPE (7 mm diameter, 300 pm slice
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thickness). The in-plane pixel-resolution is 10;m. The echo
time (TE=é ms) was adjusted to emphasize the free water in
#large” pores. This image indicates there are no significant
areas devoid of signal, and hence a uniform surfactant
distribution.

An image emphasizing the bound water (TE=3ms) is shown in
Figure 2 (upper right). Again, the pixel resolution is 10 m
and the slice thickness is 300 ;m. This image was taken of a
rod wrapped in filter paper which absorbed excess water at the
exterior of the sample, thus defining its perimeter. The bound
water covers nearly the entire cross section except for sever-
al areas, the largest (~800 pm) being situated on the 1left
side, close to the horizontal diameter. Careful examination of
the image reveals a circular feature without watex, particu-
larly visible in the upper two quadrants which could be inter-
preted as a result of the extrusion process.

Figure 2 (lower right) 'shows a slice through a control
(unexchanged) LDPE rod wrapped in wet filter paper. No signal
appears in the interior due to lack of visible water and im-
mobility of the LAS and LDPE protons.

PRO2 samples (not shown here) revealed a more dense pore
distribution which corresponds to a much slower (hence, effi-
cient) LAS release. 1Indeed, it took up to 100 days to extract
the surfactant.

Image Analysis

The 1lower left of Figure 2 represents an expansion of a
small region from the first quadrant of the image above. This
area was scanned and digitized into a binary image by a Tracor
Northern energy ¢ispersive x-ray analyzer. As with ccmparing
images, care must be taken when adjusting the image threshold
for the digitization. Stored Image Analysis (SYA) software
allows for quantitative evaluation of the pores. Each pore is
defined in texms of location, diameter, length, width, area,
perineter, and orientation. Averages of each of these
parameters are calculated: as well as total porosity (the
percentage of area covered by pores). Histograms can be
produced for the distribution of the pore parameters. The
calculated porosity of this region is 8.3%. The particles
range in diameter from 25-300 um within two major pore size
distributions, 25-70 and 170~300 gm.

Table XI. Characteristics for Pores larger than 100 im

Part. Av.diam. Area Perim. Cntr-x Cntr-y Length -Width

1 100 8,700 340 140 90 130 100
2 180 23,440 580 1,900 130 200 160
3 170 23,070 560 610 270 200 150
4 230 38,630 730 1,160 280 270 200
5 210 28,210 670 750 490 220 190
6 285 57,160 910 1,560 600 310 250
7 170 17,420 550 160 660 220 110
8 270 52,360 880 1,970 700 290 250
9 210 27,690 650 140 1,350 220 180
10 260 49,940 840 890 1,440 290 220
11 198 23,820 620 60 1,780 240 130
12 300 63,490 960 2,070 1,750 350 270

However, pores smaller than 70 ym may be indistinguishable
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from noise. Table I contains data for the pores larger than
70 gm in diameter.

CONCIUSIONS

When a proton background hinders the 11 MRI analysis__of
aiffusion of water in a polymeric system, employing 70~
enriched water and 170 MRI brings an elegant and efficient
solution. Use of other 170 labeled liquids (alcohols, phe~
nols, ethers etc.), is also deemed possible.

Proton microscopy of porous materials constitutes a.valu-
able means for characterization of inner structures, voids and
defects. Exploiting differences in relaxation parameters re-
sults in establishing the extent of tight or weak interactions
between the matrix and the incorporated liquid. In addition,
determining the time course of water (or other solvent) in-
gress is an invaluable means to evaluate the performance of
time-release products.
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NMR TMAGING AND THE ELECTRIC QUADRUPOLE
INTERACTION IN SOLID MATERIALS ™

B. H. Suits, Physics Department
Michigan Technological University
Houghton, MI 49931

'

ABSTRACT

Nuclei with a spin, I > %. possess a nuclear quadrupole moment which can
couple to the electric field gradients in a material. They can be static,
leading to NMR frequency shifts, or dynamic, which can infiuence relaxation
times. In either case, an NMR image can be made which is sensitized to changes
in the electric quadrupole interaction to provide a sensitive measure of the
macroscopic spatial dependence of the microscopic changes in the material.
Several examples are presented. Special considerations need to be given in the
case when the strength of the Zeeman interaction between the nucleus and the
magnetic field and/or the rf field is small compared to the electric quadrupole
interaction.

INTRODUCTION

$mall distortions in materials such as impurities, dislocations, and
thermal fluctuations, are predominant factors when determining the mechanical and
electrical behavior of materials. The sensitivity of quadrupole perturbed NMR
to the presénce of static and dynamic distortions is well known [1=3). It is
oniy natural to use the non-destructive, non-invasive techniques of NMR imaging
in .;iwao; which can utilize the sensitivity of the NMR response to electric field
gradients.

NMR  imaging in solids is not easy {4,5]. Several articles have been
viritten describing methods to approach the problem. One of the most common
difficulties with solids NMR is the dipole-dipole interaction which calses
broddening on the signal and may limit the time available for a measurement.
Various elegant techniques can be used, with varying degrees of success, to
partially eliminate the effects of the dipole-dipole coupling from the image.
Most involve-rapid switching of high power gradient coils and use sensitive
multipuise NMR techniques which also tend to eliminate quadrupole broadening.
Another, perhaps less elegant, methcd, used for the NMR images presented here,
reduces the effects of the dipole-dipole broadening on image quality in a simple
way by using large static magnetic field.gradients (10 to 50 g/cm) to form the
image. Numerical techniques can also be used to reduce the effects of broadening
ex post facto. One must also realize that the most common nuclei used for NMR
studies, ’H and *C, have spin I = % and hence do not couple (directly) to
electric field gradients.

ELECTRIC QUADRUPOLE INTERACTIONS

The electric quadrupole interaction is discussed at great length elsewhere
§2,3) and is due to the presence of an electric field gradient which couples to
the electric quadrupole moment of the nucleus. The electric field gradient can
be described using 2 symmetric traceless second rank tensor, V, with components
V,, (a,b » x,y,2). The-field gradient represented in one coordinate system,
(X, X:s%,)» can dbe transformed to another, (X,X,’,X,"), using the rotation

VoeTiVTY (1)
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where the elements of T, T”i’ are the cosines of the.angles between X/ and X,

1t §s always possible to.f

which is veferred to as a principal axis syste.

73 a coordinate system for which V,, = 0 if 2 # ®

In the principal axis system

the quadrupole interaction can be expressed using the Hamiltonian,

.
% * ETGI-0 ‘.§,‘,

V(372 - 1% 2

where 1 is the angular moventun opevator for the nucleus in question, I, is the
operator for the z-th component of the angular momentum, 1 is the spin of the
nucleus {(a number), @ is the quadrupole moment of the nucleus and e s the magni=

tude of the charge of an electron.

1t {5 useful to estimate the size of
the quadrupole couplings for various
nuclel. For any particular nucleus the
quadrupole field can vary from zero to
very large values. However, what s de-
sired §s a measure of the sensitivity of
different puclei to the presence of dis-
tortions in the lattice. Charges in a
crystal will be voughly one electronic
charge in magnitude and typical intera«
tenic spacings ave roughly 0.2 nw. Thus
ve calculate the field gradient due t0 3
charge e, 0.2 nm away on the z-axis.
Yaking into account the redistribution of
the electrons on the atom which contains
the nucleus using 2 Vinear response
theary (6] and calculating the vesuiting
frequency splittings gives the results
shown fn Table 1. ‘The values in Table 1
ave for compavison purposes only but
serve as an indication of the relative
consitivity of the NMR signal to the
presence of distortions.

The total interaction, which deter~
mines the frequency of response of the
nuclous, will inciude both the fisld
gradient interaction and the Zeeman in~
:‘?rﬁuon, Y, with applied magnetic

elds.

HIGH MAGNEYIC FIELDS

When the Zeeman interaction, ¥, » ~yH
¢oc the nucleus under study and H s ¢
compared to the quadrupole interaction %,

TABLE I

Relative Sizes of the
Quadrupole Interaction
for Selected Iong Under

similar Conditions*
Ion 1 <H>/h
¢ (MHz)
y 1 0.018
it 1 3/ 0.22
Y 1 9.37
Tyat | 32 2.50
"% | s/2 0.45
Yer” | 3/2 1 18
Syt | 32 8.6
Bpes | 372 ) 200
1y 5/2 | 260
*  Frequency shift of 3/2

to 1/2 oxr 3 to 0 transi-
tion, as aggrogriate.

o[, whece y is the gyronagnetic ratie
he applied magnetic field, is large

the effects of ¥ can be calculated

using perturbation theory. The convention used here defines the magnetic field,
H, to be along the 2-axis of the reference frane (%,¥,2) 0 the lab frame and the
principal axes of the electric field gradient define a crystal veference frame

o,y ).
Hamiltonian

K = -YHI, +

oQ
41(21-1)

Yo first order fin perturbation theory one has an effective

V307 = ) (3)

vhere, using the retation (£q. 2) expressed using Euler angies,
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Vpe = Vyrpr €OS%8 + Yy 5i0%0 cos’d + Vs 5in®d sin®d ()

which yields 2I magnetic dipole transition frequencies which depend on the rela-
tive orientation of the magnetic field and the quadrupole field principal axes.

Note that the.transition m = <% to m » +% (present for nuclei with half {nteger
spin) is not sensitive to the presence of the electric field gradient to first
order. :

In imaging applications a spatially dependent magnetic field is applied
which is often (assumed to be) linear. That is the magnetic field depends on
position, x, via H(x) = H(0) + Gex, where the elements of G, G,,, are the deriva-
tives of the a-th component of the magnetic field with respect to the b-th coor-
dinate, e.g. G, = dH,/dx. Note that Maxwell’s equations require that (in a
vacuum) G,, » G,.. If one assumes the magnitude of the field due to the gradients
is small compared to H(0), then the gradients can also be treated using pertur-
bation theory so that effectively, H(x) = (H(0) + gox)2, where g = (G,,,6,,,6,,)
is a vector. That is, in the high field case, aside from a possible sphﬂing
of the NMR tines by the quadrupole field, the effects of the gradient are the
same as those for nuclei with no quadrupole interaction.

Images using the +% - <% transitfon of a quadrupole split NMR spectrum were
presented some time ago for the Na signal in NaeB-alumina [5). The Na resonance
wn that case was partially motionally narrowed by two-dimensional diffusional
motion (the line width was about 1 kHz). Images can also be made using the
satellite transitions of a quadrupole spiit tine. The satellites have the poten-
tial to be much more sensitive to the presence of defects. An example of an NMR
image of a thin crystal of NaCl0, made
using one of the Na satellite lines is
showa in Figure 1. The sample is rotat-
ed from the main magnetic field, also
the direction of view, to obtain a large
splitting between the satellite line
used and other lines present. Oricnia~
tion would not be so important for
pulsed gradient (phase:encoded) imaging
methods. )

The transient response to ‘rf
pulses of a quadrupole perturbed NMR
system in the high field limit aliso
needs to be briefly considered. For
simplicity assume that a short rf pulse
is applied along the y-axis with a
constant amplitude, H,, over a band-
width 40, Two situatfons are easily
discussed: when all of the transitions Figure 1. Image made using a Na quad-

from a given nucleus have resonant fre-
quencies within the bandwidth, Ao, and
vhen all but one of the transitions are

rupole satellite line of a thin,
square NaCl0, crystal rotated 53°
about the horizontal axis.

outside the bandwidth, .

If all the resonance frequencies are within the bandwidth A¢ the effect of
the rf pulse is simply a rotation. On the other hand, fin the opposite limit
where only one of the many transitfons is within Ae then the problem can be
treated in the *fictitious spin-%* formalism {3,7). In this case the effective
strength of the applied rf field {s multiplied by [I(I+]) = m(mt1)}”* for the
observed transition (from m to m#l) and by zero for the others, That is, the
pulse length which gives a maximum signal for a given transition will depend on
the presence of other transftions within the bandwidth of the rf pulse. These
results are summarized nicely by Fukushima and Roeder {73.

For samples which contain the same nucleus in sufficiently different elec-
tric field gradients, one can use the different transient response of a split
line compared to an unsplit line as a contrast mechanism to distinguish the two
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species.  This contrast mechanism is
unique to nuclei with an electric quad-
rupole moment. AR example of puise
length contrast is shown in Figure 2
which shows a one-dimensional projection
(a 1-d image) using the Na signal in the
presence of a static field gradient for
wo different pulse lengths. The sample
contains both NaCl which has no quad~

No NMAR INTENSITY

vupole splitting and NaC10, which has a
modest spiitting. Note that the differ-
ences in resonant frequencies of the
;:entra}‘line beudveen t:\le (ti\;lo ;natena\s
o spall compared to the dipolar line= Figure 2. 1-d projections of Ha NHR
aidths. Even better contrast may be intensity for a sample, illustrated
possible by Fourfer transforming many ip the inset, containing Natl and
neasurements made as a function of pulse  NaClo, for two different pulse
Tength, a process described as "nutation lengths showlng  “puise Jength
spectroscopy” for NQR measurements [8!. contrast.®

The name §s appropriate here as well,

though the details are actually quite

disstmilar, Such measurements may be appropriate to study the change from a
cubic (or higher symmetry) environment to an environment with a lower than cubic
symoetry.

DISTANCE

he Inflyence of Defects

Associated with any defect is a strain field, the nature of which depends
on the particular type of defect, which may be quite long range. in the region
of the strain field, the \attice varies significantly from the host lattice and
the quadrupole field will reflect this difference.

It s quite difficuit o treat the nuclel which are very close to the
defect where elastic theory does not apply. However, cutside this *core” region
elastic theory can.be used in a very general way. Estimates of the size of the
core reglon for a dislocation, for example, Show it is only a few lattice
constants in diameter (9.

Just outside the core region s 2 region where the quadrupole Interaction
is large- enough to cause shifts which
are large compared to the bandwidth .of
the rf pulse. Outside that region is a
region where the shifts are smaller than
the bandwidth of the pulse, but still
\arge compared to the NMR 1line width.
Finally, if one is far enough away, the
offects are small compaved to the HHR
1ine width. To gain an appreciation for
the range of the lattice distortion, for
a simple single dislocation in Nat), Na
nuclel up to about 100nm from the dis~
location can have shifts large compared
to their undistorted line width.

An example of an NMR fmage showing
the effects of mechanical damage on a
singie crystai of NaCl §s shown in
Figure 3." The sawple was struck off
center with a drop hammer with the left Figure 3. An image of an undamaged
portion in the figure outside the region {top) and damaged (bottom) NaCl crys-
of the strike. Further details can be tal showing loss of intensity for the
found in Ref {10). Na signal in the damaged region.
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Relaxation

Though the presence or absence of a quadrupole splitting can have an effect
on the spin-spin relaxatfon time, T,, by changing "1ike-nuclei® into “uniike
nuclei,” the effects on the spin-lattice relaxation time, T,, can be quite
significant. Inmany materials containing a quadrupole nucleus, T, is determined
predominantly by the coupling of the nucleus to the fluctuating electric field
gradient from its surroundings. Of course {f there are large scale motions due
to diffusion or votation, the fluctuating fields are dominated by the large scale
motion. But even in simple solids such as the alkali halides, the nuclear
quadrupole moment coupling to the changing electric field gradient due to lattice
vibrations (phonons) dominates the relaxation.

Except at very low temperatures the relaxation due to phonons is dominated
by the second order two phonon (Raman) process. For temperatures above the Debye
temperature of the solid, the number of phonons present is proportional to
temperature and so the relaxation rate, 1/1,, is proportional to the square of
the temperature. The temperature dependence of the relaxation time can be used
to measure thermal distributions in solids as was shown in Ref. {11] where the
changes in the T, for the Bromine resonance were used to fmage a small thermal
gradient in a single crystal sample of KBr.

LOW MAGNETIC FIELDS

When the quadrupole interaction is particularly large compared to the
appiied magnetic field, the magnetic field is treated as the perturbation. It
is most useful to express the Hamiltonian in the crystal reference frame

KA @V, ~Pag (P ) +
yH(cos® 1, + sinbcosd I,.-+ sinBsing 1,.) (4)

where n @ (V... = V,.}/V,... and the unique set of axis is chosen with Osqsl, and
where 0 and ¢ express the orfentation of the magnetic field using Euler angles.
The £irst order (degenerate) perturbation theory results are calculated using the
eigenvalues and efgenfunctions of the quadrupole coupling. The resuiting
transition frequencies are complicated functions of orientation and for many
cases can be found in Ref. [2).

As discussed for H = 0 in Ref (8], the signal amplitude will also be a
complicated function of pulse length and the orientation of the rf field relative
to the electric field gradient. The method of “nutation spectroscopy® {3} ¢an
be used to separate out different orientations of the electric field gradient by
measuring the strength of the coupling between the applied rf fleld and the
magnetic dipole moment of the nucleus.

As before, the magnetic field gradient used for imaging is assumed to be
Tinear so that the total magnetic field is R = H(0) + Gox. Note that in general
if H(0) is small enough both the magnitude and the orientation of H vary
significantly with position.

If NMR imaging methods are used in carefully aligned single crystals in
which only one electric field gradient tensor is present, standard imaging
techniques may be possible. A swall uniform (~100g) field might be helpful to
separate the transitions.

Many samples of interest are either powders or have multiple electric field
gradient tensors. An example js the prototype used for many NQR studies, NaCl0,,
which has four chiorine atoms per unit cell. The electric field gradient for
each has n = 0 and are oriented along each of the four body diagonals of a cube.

The key is to realize that what is needed {s some information about the
orientation of the electric quadrupole principal axes and that that information
can be acquired using nutation spectroscopy. Using an rf field oriented along
an axis one can find (or select) the orientation of the principal axes relative
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to that laboratory axis. Once the principal axis are known, an jmage can be
formed using a small uniform magnetic field with gradients superimposed, The
purpose of the uniform field 1s to separate Tines which move in opposite
dirgc%ions but are otherwise identical and to minimize the changes fn 8 with
position.
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NMR IMAGING OF INDUSTRIAL FLOW PROCESSES.

S. W. SINTON, J. H, IWVAMIYA, AND A. W. CHOW
Lockheed Palo Alto R h Lab 'y, 3251 Hanover St., Palo Alto, CA 94304

ABSTRACT

The application of nuclear

Ay

flow imaging 1o the study of Poiseuille flows of

q p is described. The basic imaging method is p d along with results
on suspensions with solid parucle loading levels up to 52 vol. % and viscosities up to 7
kPois¢. The most d susp are non-N , and the NMR flow data show

- evidence for deviations from a simple parabolic velocity profile in straight pipes. Cross-sec-
tronal intensity images derived from the flow image data on concentrated suspensions are non-
uniform, Possible explanations for these results are discussed in terms of current rheological
understanding of suspension flow and relaxation weighting phenomena in the NMR imaging
experiments,

INTRODUCTION

Nuclear magnetic resonance imaging (NMRI) is proving to be a powerful ool for theo-
logical and processing studies of polymers, ‘Because of its unique ability to non-invasively
provide spatial mappings of spin density, spin relaxation times, flow velocities, and molecular
diffusion - all potentrally from the same experiment - NMRI can be effectively used 1n a variety
of situations where information about the ition or distnbution of properties in a process
stream is desired. Some recent ples are the d of flow lines and microscopic
h ity in der-p d o7 SUSp [1] and flow velocity imaging of non-
Newtonian polymer solutions {2,3) and highly filled solid suspensions (3,4].

In this paper, we describe a study of Poiscuille flow of solid-filled, ‘suspcnsions of

of ofal lecul

varying particle filling levels, Each susp f a sol u
weight (~12,000 Dalton) polyether oil and plastic spheres on the order of 100 um in diameter.
These materials are designed to mimic some imp heological ch st din
actual processing industries, the most relevant being solid-rocket-motor propel f:

ing. This paper 1s primarily concemed with details of the NMRI flow imaging technique and
special consid in data interp i hysical ch ion of

Ay or c phy A o
and the rheological issues addressed by the NMRI experiments are covered

the susp
elsewhere (3).

EXPERIMENTAL APPROACH

Figure | shows the NMR flow-imaging timing used in this work, This
sequence s designed to give a 3D image while compensating for the effects of steady-state flow
along one directzon,~The basis of the method was first published by Kose, et al, {5}, and the
pulse sequence of Figure 1 was later used by Majors, et al. [6). Application of a selective RF
pulse at the same time as a gradient at the start of the sequence excites a stice of magnetization in
the stream, The slice plane is perpendicular 1o the flow direction (Z), and the thickness of the
shee is d ined by the RF bandwidth and gradi gth in the usual manner, Shee exci-
tation is followed by two broadband 7 pulses and two Z-gradient pulses which have the effect
of refocusing the phases of different isochromats in the sample, regardless of their position or Z
velocity. Thus, at 41 seconds after the selective pulse an echo is detected. Incremented X and
Y gradients are used to g phase encoding in the d in the usual manner
of spin-warp imaging, The RF phase of the last x pulse is toggled between zero and 180
degrees with each phase encode increment to shift any interference from a sumulated echo to the
Nyquist edges of the image {6). Three-dimensional Fourier transf ion leads to an image of
the shice which has changed shape as a result of flow during the sequence and the distnbution of
velocities across the pipe. Velocities are d by ing Z displ from the
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Bgure 1, Time-of-flight spin-echo flow imaging pulse sequence
image for cach (X.Y* lmﬁmauddiﬁdingbydicﬂigmﬁm(dt‘). To minimize the effects of
on are determined by o oy

noice, displacements in the flow di rpiing the first of each
Zuxe[6).”

All NMR data were eollecied using 2 Bruker Model MSL spectometer witha 4.7 T
magnet and a large volume "mini-imaging”™ ing 2l G preton resonance (200 Miz).

Gradient switching, capabilitis are somewhat limited with this cquipment, aecessitating a fairly
long flight time of 30.7 ms. A 6-Icbe, siec-shape RF pulse of 3 fug duration ia the presence of
aZ gradient of 32 mT/m wzs used o excite a 3-mm slice across the pipe. Thice-dimensional
data sct dimensions were 32 X 32 X 128 (X,Y,Z) pixels, and 1 10 4 répetitions of each

quisition were ged to inmprove signal to noise. The recycle Jelay to allow for thermat
spin equilibration was 600 ms (3 * Ty), resulting in acquisition timei froc 1010 41 min.

RESULTS

Flow images wzre collected for a range of flow rates and pipes with inner diameters
from 15 mm to 50 mm. ‘The liquid portiox of the suspensions studied consisted of a low-
molecular-weight polyether oil, water, and sodium iodide (added to match the solution density
to that of the 3uspezded particles). Particles were PMMA spheres with median diameter of
131 um. The particles do not ibute to imagge intensity since proton spin-spin relaxation of
PMMA is very short compared to the flight time in the experiment. Suspensions with panticle

loading levels from 21% to 52% werc imaged, and velocitics up to 45 em/s were measured,

without difficult;. Atlow particle these susp arc ian, while at the
highest con jons they arc modcrately shear-thinning, Complete theological ch .
zations of the suspensions are given elsewhere {3}, but for comp we note here thata 21%
suspension has a Jow-shear viscosity of 400 Poisc while the viscosity of a 52% suspension is
about 7000 Poise din Couetic g ry at a shear rate of 100 s3),

Figure 2 shows stack plots of the calculated velocity images for two suspensions at dif-
ferent particle concentrations. Figure 3 shows gray-scale renditions of the cross-s¢# nonal (XY)
intznsity formed by summing along the Z direction of the 3D flow image file for th.e two cases
commespondir.g to Figure 2. Drawn above each intage is a trace of pixcl intensity along a row
passing approximately through the center of cach pipe.

A detailed examination of the velocity profile for the 21% suspension in Figure 2 shows
it to be parabolic whereas the profile for the 52% suspension is "blunted” (velocities slower in
the center than predicted for ./ parabolic profile which fits the velocities at the outer edze).
Likewise, there are remarkable differences in the intensity images of Figure 3. Intensity is
reiatively uniform across the pipe in the case of the low-concentration suspension while it varies
in a smooth fashion, peaking at the center, for the 52% suspension. Results with other
suspensions and pipe sizes indicates that this behavior is a function of suspension
concentration, pipe diameter, and flow rate {3]. For example, a 40% suspension flowing in a
15-mm pipe gave similar results to the 52% suspension shown in Figutes 2 and 3, while the
same suspension flowing in a 50-mm pipe at a lower flow rate showed no unusual inteasity
featmes and had a parabolic velocity profile,




21% SUSPENSION 52% SUSPENSION

Eigue 2. Left Z velocity image for 21% suspension of PMMA spheres in oil sofuzion. Pj
diameter=25 mm, max velocity=25.9 em/s. Right: 52% suspension. Pipcdi:.mc:er:linnl:
. max. velocity=29.1 cm/s.

Figure 3, Projections of XY intensity from 3D flow images. Left: 21% suspeasion. Right:
- 52% suspension.

Figure 4 i3 an image of the 52% suspension taken immediately after flow was stopped.
The standard spin-warp method with an echo delay of about 10 ms was used 1o collect this
image, The intensity distribution within the pipe is much more uniform in this image than that '
in the XY image during flow (Fig. 3). (The bnght arcs outside the pipe in Figure 4 are featurcs
folded over from material clinging to the wall of a larger pipe which was concentric with the
flow pipe and outside the imzge field of view.) Because of the high viscosity of the suspen-
sion, 1t 1s unhkely that any parucle concentration gradients set up dunng flow would have dissi-
pated through Brownian motion in the time Japse between collecting the flow and static images.
Thus, the differeace between Figures 3 and 4 for the 52% susp cannot be explained by
differences in particle concentranons.

Possible explanations for the non-uniform intensity pattem for the flowing 52% sus-
pension must involve relaxation weighting of the image. Relaxation weighting due to diffusion
effects can be ehminated since the diffusion constants are small (~10-7 cm?/s) and the gradient
magnitudes selatively weak. The rate of NMR relaxation for some types of suspensions is in-
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Eigum4, XY image of 52% suspension in 15-mm pipe immediately after cessation of flow.

creased due the p of surface p ic ¢l sites or reduced motion of molecul
in the vicinity of the surface [7,8). 'Ihc obscrved relaxation decay in this case depends on the
magnitude of the surface-to-volume.. Afio, and hence, particle concentration, and the rate of
exchange of spins between surface and bulk sites. To assess this possibility, we measured T2
and Ty for suspcnnons with 2 wide mngc of particle concentrations. Ty was found to be
to particle ge value of around 200 ms. The Ty decays
(measured by the Carr-Purcell- Mcxboom-Gdl method) had to be it with a biexponential function
for each sample since there was clear evidence for at least two relaxation components. The re-
suits are presented graphically in Figure 5. That the basc fluid by itsclf has T2 relaxation com-
poncats much less than Ty is an ind that g conditions do not apply for
this viscous material. The presence of more than one exponenual decay component is duc to
+¢ither fved ch I shifts or the exi of mose than one characteristic correlation time

for molecular motion,
Short component : Long component
154 [g5 140
s 1 g ] g
S0 .5 £ " *less
) 1 —> b 1004 2011
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Figure 5. Left: Relaxation times and fraction for short com) lponcm of biexponential fitto T2
data. Squares are the relaxation times and circles are the fraction., Right: same for long
component.
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Figure 6, Calculated image intensity versus PMMA concentration.
The intensity axis is nonmalized to 1 for 0% PMMA and anecho
delay of O seconds.

Figure 5 indicates that there is little change in rel2xation times of static samples as
concentration increases unti about 35% when both the short and long components decrease
significantly. The data in Figure 5 was used to caleulate the dependence of image intensity on
concentration for dsfferent ccho delays. Figure 6 shows the results for iwo echo delay times
comresponding o our static and flow imaging parameiers. In both cases the intensity comelates
lineasly with particle concentration, and the slopes indicate less variation for the longer ccho
time. If Tz decay times arc the same in a flowing and stationary suspension, Figure 6 implies
that the intensity pattem observed from the longer echo ume used in the flow imaging sequence

should be similar to that of Figure 4 with only a slight ion of the
Since this is not what is observed, we deduce that flow must alter T2 under certain condstjons of
coacentration and shear rate. This is supported by other relaxation data not shown

here and tests which confinm that the imag 1 were working comrectly in all cases.
Our data indicate that above 40% PMMA concentration a non-umiform shear field can resultin a
non-uniform flow-image intensity pattem.

DISCUSSION

The observed blunting of the velocity profile of concentrated suspensions in Poiscuille
flow is i with predicti Iculated by Leighton {9] based the on the shear-induced
particle migs hani d by Leighton and Acnvos [10). Trends in the velocity

prop
behavior with particle concentration, particle size, and pipe size are in accord with the predicted
p ic depend 13). In addition 10 a blunted profile, theory predicts that partictes will
migrate along a gradient 1n shear rate, i ¢. from the region of high shear near the wall towards
the center of the pipe. The static image of the 52% suspension shows a very slight decrease in
intensity in the center of the pipe which, since T2 weighting has been shown 1o be relatively
inscnsitive to particle ¢ ion near the nominal ion, implics a slightly increated
yarticle concertration in the pipe center in 2greement with theory.

Intensity in the flow images 1s more difficult to interpret. Atlow particle concentration
or shear rate, the images appear to faithfully reflect proton density of the fluid component, For
higher ¢ ions in small-di pipes, XY image intensity derived from the flow dara is
non-uniform and seems to follow the velocity profile. We have eliminated several possible
explanations and arc drawn to the conclusion that there must be some Lnoc}ra{\isjm w{l‘wrcby shear

induces a decrease in Tz for our highly p C ges in
NMR relaxation arc known for some linked ¢l and scmicrystalline
polymers, but those mechanisms a7 not op ive in our suspensi Vakatani, et al. [11)
have recently reported evidence for -h duced i in proton NMR relaxation rates in




polymer melts and have proposed a mcchanm based on modified averaging of residual direct
dipole-dipole caused pes in the average chain conformation in 2 shear
field compared 10 the at-rest coil configuration, However, theis observations were forentangled
polymad:amsofmudl h:ghamolcwlzmgm than the polyether oil used in our smdy.

In the ab of icles and at the shear rates encountered in this study
molecular motions in the base fluid would probably not be altered sufficiently 1o affect NMR
n:laxauon. However, when PMMA panum'dm present, pamcle-polyxrcrm.mnons might

and their i

in the more
where the fluid is confined in smallerspwcs. Moreover, the effective shear raies applxed tothe
{luid existing between pamdcsanbemudnug}ulhand:chﬂksharmwandcxlcnswnzldwe
flow may exist b when the 1ge velocitics of the two phases are not the

same. If present, this extcnsional flow might alter molecular motion sufficiently 10 affect Ta.
Clearly, more experiments arc necded 10 investigate the possibility of flow-induced relaxation

effects in these susp and the for any observed dependence.
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ABSTRACT

A technique for destructively imaging microstructures.of materials
in situ, éspecially a technique capable of delincating the time evolution of
chemical changes or damage, will greatly benefit studies of materials
processing and failure. X-ray tomographic microscopy (XTM) is a high

lution, three-d ional inspection method which is capable of i
compozite materials microstructures with a resolution of a few micrometers.
Because XTM is nondestructive, it will be possible to examine materials under
load or during processing, and obtain three-dimensional images of fiber
positions, microcracks, and pores. This will allow direct imaging of
microstructural evolution, and will provide time-dependent data for
comparison to fracture mechanics and precessing models.

INTRODUCTION

The spatial resolution of x-ray CT has been improved by several
orders of magnitude during the past decade. It is now possible, using x-ray
CT, to three-dimensionally image materials microstructures with a resolution
of a few micrometers in millimeter-size samples. Efforts are underway to
improve this resolution and, at the same time, to increase the sample
dimensions which can be imaged with this technique. Nevertheless, the
resolution and sensitivity of x-ray CT are sufficient to make sigmficant
inroads into our understanding of how mechanical properties are affected by
changes in microstructure. The impact of x-ray CT methods will be
espectally felt in the study of processing and failure in advanced composite
materials, Noninvasive, in-sitt CT observations of advanced composites will
provide time-resolved information regarding the evolution of
mucrostructure—information which currently is only mndirectly inferred from
post=mortem examinations and large statistical sampling of as-prepared
material.

This paper provides details about a CT technique we have been
developing these past several years, We call this technique x-ray
tomographic microscopy (XTM) to distinguish it as a form of x-ray
microscopy which utilizes tomographic reconstruction techniques to form
three-dimensional images. The paper is presented in three parts. The first
part discusses critical issues involved in performing XTM, such as the
optimization of the detector and the x~ray energy. The second part discusses
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three examples- of the application of XTM to imaging. fiber ¢
microstructures. These examples represent progressively more complicated
fiber g ies beginning with uniaxially aligned fibers and concluding with
woven (balanced plain weave) fibers. The third part discusses our present
efforts to perform in-sifu materials studies, and outlines future directions of
research. Throughout this paper, the emphasis is placed on imaging
advanced composites which have technological importance. XTM is a
powerful technique, however, and its application to other areas such as
electronic materials, biomaterials, and geology can be anticipated.

X-RAY TOMOGRAPHIC MICROSCOPY

X-ray tomographic microscopy (XTM) using synchrotron radiation has
been shown to be an effective, high~cesolution, three dimensional imaging
technique for destructive characterization of materials {1,2). XTM differs
from conventional optical and electron-beam microscopy in that the sample
need not be harmed prior to charactenzation of internal microstructure.
There is no requirement for flat optical surfaces or thin sections; materials
are examined in their unaltered state. XTM measures the x-ray attenuation
coefficient, 1, at a point ry,yz in a material from a finite set of x-ray

t i ts (projection data) taken at different-angles through
the sample. The projection data is the itted x-ray i y reaching a
position sensitive detector after passing through the ple. The absorption
data is directly related to the materials microstructure, and is gven, for a
single point on the detector, by

I=f S(E)exp-fulxy,zE)dl ) dE, (¢)]

where S(E) is the energy spectrum of the x-ray source and p(xy,zE) is the
energy dependent attenuation coefficient at a single point along the
projection.  The integral is taken along a straight path di through the
sample. If the x-rays arc made nearly monochromatic with photon energy
Eo, the energy spectrum can be approximated by a delta function and
Equation 1 reduces to the familiar form of the Radon transform{3}:

!
In (D) = futy,zEo)dl . @
M ts of the att ion through the sample as a function of

angle and position are used to numerically invert Equation 2 to solve for
nyzEo) . The number of angular views considered sufficient for this
inversion (reconstruction) is approximated using simple geometric arguments
by

RAO =W 3)

where R is the maximum outward extent of the sample from the center of
rotation, A® is the suggested angular increment and W is the projection
width. A typical value for R with the present XTM is 2 mm and W is 5 pm.
The angular increment sufficient for the reconstruction using these
di fons is approximately 0.2 degrees, although increments of 0.5 degrees
are generally used in practice.




Conventional CT measurements involve collecting absorption
information for a single cross-sectional slice through a matenal, Spatial
resolution is achieved either by collimating the incident beam using a
pinhole, and then rasteriig the beam across the sample-for every angular
setting, or by using a position sensitive detector to measure alt of the
projection data for a-single angular view in parallel, Aside from its relative
simplicity, the advantage of the pinhole technique is that the resolution, to
first order, is determined only by the size of the collimator. Elliott and
Dover have successfully used pinhole scanning with a standard x-ray
generator to perform tomography on mineralized tissues [4) and composites
[5}. An energy dispersive detector is used to count photons of-only a single
energy, thereby satisfying the requirement for nearly monochromatic
radiation.

The primary disadvantage using the pinhole is that most of the
incident radiation is thrown away. The rastering.technique, therefore, 1s
extremely time consuming. Acquiring the data for the reconstruction of a
single cross section of a sample takes upwards of 12 or more hours
depending on the size of the pirhole collimator and the sample. This limits
the utilization of the pinhole approach for three-dimensional analysis and
precludes real time studies,

Linear photodiode arrays have been used in a number of CT devices
designed to operate on conventional x-ray sources (6,7}, The widespread
application of linear photodiode arrays results from both their ease of use
and ability to acquire upwards of a thousand projected rays simuitaneously.
The parallel acquisition of data improves the speed of the measurements
nearly a th dfold, and the accumulation of enough data to reconstruct a
single slice becomes measured in minutes rather than days. In spite of these
advantages, however, there are drawbacks to the use of the photodiode array
for ultrahigh resolution characterization. The first of these drawbacks is that
the photodiode array is noisy and’is subject to nonlinearities. This noise
limits the dynamic range and therefore the maximum contrast which can be
studied mn a le. The linearities introduce ring-like artifacts in the
reconstructions which can further reduce the usefulness of the information
obtamned, although these effects can be partially reduced by using a
combination translate-rotate design. Fially, even with reducing the data
acquisition times for a single slice from days to hours, it still requires days
to obtain enough information for three~di ional sample visualization.

Clearly, a two-dimensional array which records projection data for
many contiguous clices simultaneously is essential for practical three
dimensional imaging {8). Feldkamp uses a vidicon array as a two-
dimensional detector [9). Because a vidicon is continuously read out at
video rates, the integration times are too short to detect an x-ray wmage
using 2 laboratory x-ray source. Therefore, Feldkamp relies on an image
intensifier which converts the x-ray photons into visible photons and then
amplifies the light signal by orders of magmitude. Because image intensifiers
have relatively low spatial resolution, it is necessary to use a microfocus
source in a magnifying geometry, and a "cone-beam™ algorithm is necessary
to reconstruct the three-dimensional image from the x-ray projection
data{10). CT systems run in this manner are limited in spatial resolution by
the source spot size (~20-25 pm), and in sensitivity:by the photon statistics
and linearity of the imzge intensifier. Good photon statistics are difficult to




achieve because signal averaging with.vidicons is imited by excessive read-
out noise. Nevertheless, the mmage intensifier with vidicon detector has been
adopted by others [11), and images-of 20-30 pm resolution have been
demonstrated when imaging high contrast features.

Our group has- developed an XTM- instrument which uses a
thermoelectrically-cooled charge coupled deyice detector (CCD) in place of a
vidicon array (12). The CCD, provides: superior spatial yesolution-and noise
properties, and can be integrated over time periods of several minutes with
little buildup of dark.current~noise. Because of this, imaging can be
performed without the complications and image degradation of an ntensifiet.
Furthermore, the detecting system we have configured can be operated
successfully using standard focus x-ray tubes as well as microfocus sources
and synchrotron radiation. With the standard focus source, the sample is
placed in close proximity to the scintillator to minimize the p bral
blurring due to the diverging beam, In this configuration, a parallel beam
reconstruction algorithm is used. With a microfocus source, the sample, can
be placed much closer to the source in order to take advantage of an x-ray
magnifying geometry using a cone-beam reconstruction algorithm. Since its
development, XTM using CCD arrays has been successfully tested using
synchrotron radiation at the Stanford Synchrotron Radiation Laboratory
13,14), at the DORIS storage ring at the Hamburg Synchrotron Radiation
Laboratory (15], at the National Synchrotron Light Source (16}, at the Cornell
High Energy Synchrotron Source (CHESS), and most recently using
labofatory x-ray sources.

The sample positioning hardware currently consists of translation
stages, a Totary stage, and the stage controllers and driver electronics. The
hardware now in use is from Klinger Scientific. All -stages have stepper
drive motors, incremental position encoders and an origin signal, The linear
stages also have plus- and minus= lmit signals, The stage controller
provides both user and computer mterfaces to up to eight.separate stages.
The user interface consists of front panel displays of position with a separate
button for each axis. Also, there are front panel buttons which allow the
user to independently position each axis or to home each axis to its origin
position. The computer interface, as it is used here, is.an 1EEE-488 port,
through which the controller can accept commands from a computer telling
it how and where to position the eight axes and through which 1t can report
back to the computer 1t success or failure at executing the commands.

In.operation, the sample is removed from the beam with a linear
translation stage. A ref e image (Io(x,y) m Eq. 1) Is recorded and the
sample is moved back into the beam. A radiograph of the sample is taken (
I(x,y) in Eq. 1), and the image data are stored in the computer memory.
This procedure is incrementally repeated until a full 180 degrees of sample
rotation has been recorded. The reason for the reference images is to
monitor the incident beam profite. For a very stable source, the frequency at
which reference images are taken can be reduced.

A single crystal scintillator screen: converts x-rays into visible light
which is imaged with the CCD. Initially, the scintillator consisted of ball-
milled sub-micron particles of phosphor. The phosphor Iayer was thin with
respect to the optical path length, and suspended on a glass substrate with a
transparent binder. Though great care was taken in fabricating the
phosphor, the spatial resolution was no better than 20 um because of optical




scafter caused by differences in the indices of refraction between the
phosphor and the binder, and between the binder and the substrate.

In the present configuration, we use a single crystal CdWO4
scintillator, CAWOQ4 is not hygroscopic.and has a very high x-ray stopping
power. Optical scatter off of the free surface is minimized by using an anti~
reflective coating. Measurements using synchrotron.radiation sources at-20
keV indicate that the spatial resolution of the scintillator is better than 5 pm.

The resolution of a single crystal scintillator is not perfect, however.
Furst, x-rays have a finite depth of penetration, and this depth increases with
increasing energy. Second, secondary events such as fluorescence,
photoelectron production and scatter act to blur the image within the
scintillator. The first effect, a finite depth of penetration, reduces the image
contrast. The secondary effects reduce the resolution. Unfortunately, both
of these problems increase with increasing energy, and are related to each
other by the modulation transfer function, MTF, of the system.

Figure 1 shows the depth of x-ray penetration in CdWO4 as a
function of incident x-ray energy. The depth has been calculated as the
path length over which 90% of the scintillation events occur. As x-ray
energy rises above 20 keV, the penetration becomes significant, and the loss
of subtle contrast variations in a sample becomes unavoidable. Also plotted
in.Fig.-1,is the depth of x-ray penetration in Csl, a widely used scintillator
material,

Two approaches have been devcloped to improve the resolution of
scintitlator screens. The first approach is to decrease the thickness of the
scintillator. The second approach is fo segment the scintillator into very
small optically isolated pieces{17,18}. In this manner, light produced by x-
ray absorption is confined to a single region of the scintillator. Making the
santillator thinner reduces the amount of contrast loss, but greatly decreases
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Figure 1 X-ray penctration depth (90% absorption) in single erystal scintiljators.
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the light output of the scintill Segmentation, on the other hand, offers
the advantage that as the x-ray energy increases, the scintillator can be made
thicker, thereby allowing more efficient-use-of the x-ray flux. The difficulty
of segmentation lies in-fabricating very small elements and. in keeping them
optically isolated. Exxon has had’some success in growing Ipm columns of
Csl crystals for a high resolution sciatillator. Though- the isolated columns
are 1 pm and-less in diameter and roughly 1 um apart, a careful examination
of Exxon's published radiographs indicates that_the spatial resolution is not
as high as the Segmentation would lead, usto believe. Though it is difficult
to speculate on the cause: for this poorer than expected performance, two
possibilities are worth considering. The first possibility is that the scintillator
face plate (the substrate upon which the CsI is grown) has a different index
of refraction than the Csl, thereby leading to optical scatter. Theisecond
possibility is that the individual segments of the scintillator are not isolated
from secondary x-ray effects.

X-ray scatter (defined here as including all secondary processes) may
be the ultimate limiting factor in the resolution of scintillator screens, At the
x-ray energies considered here ( < 100 keV), an x-ray photon can-either be
absorbed or scattered. In high- Z materials the incoherent 'scattering
probability is small at these energies; hence, the predominant interaction is
through absorption. When an x-ray photon is absorbed, the excited atom
can decay by emitting fluorescent radiation. The fluorescent radiation -is
emitted into a 4x solid angle, and can travel for considerable distances before
being absorbed. This fluorescent radiation creates additional scintillation
events which can be far removed from the original photon path.  Also, the
absorption of x-rays leads to the production of energetic, photoelectrons,
The energy of the photoelectron is given by Ee u hv - ¢b, where ¢b is the
binding energy of the electron and hv is the energy of the absorbed x-ray.
The photoelectrons are sufficiently energetic to travel for considerable
distances in the scintillator, creating scintillation events all along their path.
Each of these events lead to a loss of spatial resolution and an increase in
noise.

We have calculated the effects on resolution due to secondary events
m CAWO4 as a function of x-ray energy using the Monte Carlo code COG
[19). COG follows all primary and subsequent generations of photons until
they are either absorbed or leave the scintillator. Photoelectric processes and
incoherent and coherent scattering processes are considered in the
calculations. The results of these calculations suggest that the largest
contributor to secondary scintillation events is the emission of photoelectrons
during the stopping of the x-rays,

The photoelectron range depends strongly on the incident x-ray
energy. Photoelectrons have much greater penetration in Csl than in CdWOQ4,
principally because the electron binding energy increases with Z and the
photoelectron range decreases with increasing density. The large range of the
photoelectrons in Cst (>1 pm) makes it impossible to isolate scintillator
segments on the micron scale, It is important to note, however, that the
cpatial resolution of the scintillator is optimal immediately above an
absorption edge where the depth of x-ray penetration and photoelectron
energy are at their lowest.

Though laboratory x-ray sources can be used for XTM, synchrotron
radiation is the optimal source. Synchrotron radiation provides a broad
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Though Iaboratory x-ray sources can be used for XTM, synchrotron
radiation 1s the optimal source. Synchrotron radiation provides a broad
banded source of x-rays which range in energy from a few eV to several tens
of keV. Because synchrotron radiation can be continuously tuned using a
single crystal monochromator, it is possible to select the optimum x-ray
energy for the sample being characterized. Frequently, it is desired to choose
an x-ray energy which optimizes the signal-to-noise for the sample. The
optinmum energy is given by the well known relationship

2

D= ; 4
Figure 2 shows the opti le di D, as a function of x-

ray energy for three xmpcrtant classes of materials used in composite
manufacture: aluminum, silicon carbide, and titanium aluminide. Also
depicted in Fig. 2 are the energy intervals which can reasonably be spanned
with present and proposed synchrofron’ radiation sources, Test panels of
metal matrix composites are typically 1.5mm thick. Assuming that the
aspect ratio of a rectangular gauge tensile specimen should be at least three
to one, then the largest dimension through the gauge section will be about
Smm. In ceramic matrix composite (CMC) specxmens, for example Nicilon
fibers (Nicalon is an amorphous SIC fiber) in a SiC matrix, the panel
thickness is typically 3mm, giving a largest dimension through the gauge of
approximatelg; 10mm.

Using Fig. 2, the optimal x~-ray energy for imaging Al-matrix material
will be 27 keV, for imaging SiC material will be 37 keV and for imaging
higher Z intermetallics such as Tr3Al will be 52 keV. Although the Nationat
Synchrotron Light Source (NSLS) does not provide adequate x-ray flux at
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the high energies required for penetrating composites with these gauge
sections, the hard x-ray wiggler beamline on the SPEAR storage ring at
Stanford Is well suited for imaging the CMCs as well as the aluminum-
based composites. For the more absorbing intermetailic composites, it will
be. necessary to use the wiggler beamlines at Cornell which can provide the
required flux at high cnergies. The proposed Advanced Photon Source
(APS) will also be well suited to imaging materials microstructures of the
intermetallic composites,

In an x-ray fmage, contrast between features arises from differences in
the x-ray attenuation coefficient. High contrast features occur when cracks
and high Z or high density inclusions are present in the sample. Weak
contrasts result from slight variations in material composition. Figure 3
represents the contrast between matrix and fiber as a function of x-ray
energy for three cases: 1) SiC-fiber (SCS8) in an Al matrix, 2) Nicalon fiber
in a SiC matrix, and 3) SiC-fiber (5CS6) in a titanium~alummide matrix. The
contrast between SiC and Al is only 10% over a broad energy range.
Therefore, distinguishing the fiber from the matrix in this .composite system
requires excellent photon statistics. The higher contrast between S$iC and
CAS, on the other hand, relaxes the statistical constraints somewhat. The
contrast is highest between the SiC and the intermetallic TizAl At low x=-
ray energy, the contrast is as high as 80%. Thus, in this composite system,
the fibers are clearly identified in the presence of nowse. However, the high
contrast poses another problem; namely, it becomes difficult to distinguish
broken fibers from voids and pores!

EXAMPLES
We consider three examples of the application of XTM to imaging

composite microstructures. These examples have been chosen to represent
progressively more complicated fiber geometries. All of the data were
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acquired dusing 2 rusm 23 the Comedl High Energy Synchrotron Sozree
{CHESS) usizg the 6-pole wiggler end station oa beamline A2 Silicon
monocksomator crystals were used, with (111),C13), 2nd (300) reflections
chosen to cover the x-f2y exesgy sange from 23 to 62 keV used iz the
expesizients.

The first example is that of an aluminum matrix—SCES siticon casbide
fiber composite. SCSS fiders consist of 2 3Z-pm diameter casbon core
suprounded by 2a approximatedy 140-pm diateter SIC sheath. An
approxizately 1-pm thick carbon coaling #s deposited onto the fibes to
protect ] it from detsimental d:e:ual rmurs with the matrix phase dusing

The compost! 1y 15 mm thick and consists of
8 plies of uniaxially zlxg:-.ed fbtrs. The composite has failed in tension, and
XTM was pesformed fom the fracture surface down about 2 mm along the
long axis of the composite. The pixel sampling size was 5.6 pm, and 05
degree angulas increments were wsed.  The x-r2y esergy was 20 keVl.

Figure 4 shows an XTM slice taken in the vicinity of the fracture
surface. It is important to emphasize that the cross section is taken through
bulk matesial, and that no susrface preparation was necessary. Hence, none of
the antifacts frequently associated with polishing, such 25 fiber pull-out, reed
to be considered when intespreting the XTM image. The image in Fig. 4,
therefore, is of the undistusbed region beneath and bordering the fracture
susface. In Fig. 4 it i* sbserved that the fibers have appasently failed at the
graphite core-SiC interface in the fiber interioss, and not at the fiber~-matrix
interphase as we had expected. The impact of lhcsc observations on cur
undesstanding of mechaaical fajlure in this comp Y is p d in
more detail later in these proceedir zs{20)

Figure 4: XTM image beacath the fracture surface in a SiICfiber/ Al manx composite
failed in tension. Significant plastic deformation of the matrix is observed, as is the
fracture behavior of the fibers (arows marked A). Examination of the ﬁbcr fractures
indicate that farlure occured at the graphite core and not at the SiC/Al interphase.




The second example is a 1.5 mm CAS (aldum aluminum silicate)
matrix—SCSS fiter compositef2l). The fibess are amanged in 3 0/9%0 coss-
ply stacking sequence. Absospion data wese acquired 2t 05 degree angular
iacrements using an x-;3y ensgy of 20 keV. Tee pixel sr-lplnv size was
5.6-pm, and 250 contiguous s!xtes wese imaged. Figure 5a is an XTM
x::xrog:zphuknosmzu‘ h the surfs c!xl‘.c DO pmelzxaox
magnification. Figure 55 is the comresponding SEM micograph showing the
same location. The SEM p!:oamograp‘l was oblained subsequent to the
XTM examination by sectioniz;

It is of interest to compare the two observations. The XTM image
shows a cack reaning from left to sight 2cross the specimen approximately
12 g (00057) above a 90° fiber. This same crack is also observed in the
vptical micograph. SEM examination of this crack reveals it to be less than
1.5 pm (000047) 2cross along its entire lengih. Even though the pixel
sampling size is 5,6 prm, the high cenirast provided by the crack makes jt

ible to image fi es much smaller. This is an important point: spatial
resolution and feature ddecxa!rmy are not the same, and pixel size as a
of sy pesi e is a ingless concept unless it is related

10 the overall resolution of all of the individual components in the system.

In addition to the crack, a small piece of broken fiber can be seen in
both the XTM and the optical i This broken fiber frag: lies
between the second and lhxrd fiber plxcs from the top of the image. Broken
pieces of fiber may act as stress concentrators for initiating cracks, and
therefore, it is important to be able to detect these low contrast flats.

Figure 52 XTM micrograph of a CAS matrix/SCS6 fiber 020 composite. Amows marked
A highlight 3 microcrack running across the width of the sample. This crack is
L5 ptm at its widest extent. Arrow marked B shows a broken fiber fragment
lodged between fiber plies. Arrow marked C shows another microcrack in the
composite.
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FigurcSb:  SEM photomicrograph showing the CAS composite described in Fig. 5. This

SEM mi h was obtained 2fter secti mcs::mplelomcmshoc
planc as the XTM image. The SEM shows the same crack  (marked with amow
A) as displayed in the XTM image. In 2ddition, the SEM image shows the erack
continuing across a fiber ply (amow B). This erack extension was not seen in
the XTM image, and therzfore we believe it to be a result of stress relicf upon
polishing. Onthe right side of 5b is a high magnificaticn image (S000X) of the
crack imaged by the XTM, indicating that itis Jess than 1.5tm.

The final example is a SiC matrix—Nicalon fiber (amorphous SiC)
composite. The Nicalon fibers vary in diameter from 10-20 Hm. The fibers
are organized into bundles called tows (containing appr ly 500 fibers),
and these tows are in turn woven into a cross-ply cloth. The fiber
cloth is formed into a near net shape component, and then a $IC matrix is
grown around the fibers by infiltrating a reactive gas mixture at high
temperature[22). Several types of porosity can be left behind from the
chemical vapor infiltration (CVI) process. The porosity is g lly brol
down, however, into two types: microporosity, consisting of pores within a
tow, and macroporosity, consisting of any type of porosity lying outside of
the tow, The type, size and interconnectedness of the porosity directly
influence the per y of the chemical vapor into the composite. The
pores may also act as nucleation sites for cracks. Bccausc of the gcomelnc
complexity of this type of composite, a three-di ing tech
has a great advantage over two-di 1 techniques in sludymg the
origin of pores, their interconnectedness, and their subsequent influence on
mechanical properties.




Figure 6: XTM image of 2 Nicalon fiber/SiC woven composite. Thc fully-dense SiCis
marked vmh amow A. A fiber tow arieated perpendicular 1o the cross section is
marked with arrow B, A fiber tow osiented in the plane of the cross section is
marked with amow C. Individua! fibers (arow D) can be seen iz the tow
peripheries. Also resolved are macropores (anow E) a3 micropores (amow F).

Figure 6 is an XTM image of a fully reacted SiC-Nicalon wover

ite. This preliminary study was designed to determine whether or

not XTM can 1magc micro~ and macroporosity, and also whether the present

contrast sensitivity and spatiz] resolution of the technique is adequate for

imaging the fiber tows in the $iC matrix. The XTM image in Fig. 6 clearly

distinguishes between the Nicalon and SiC, and shows both types of

porosity. Near the peripherics of the tow, it is possible to identify individual

fibers (10-20 pm). The magnification will need to be increased to resolve
indwvidual fibers in the tow interiors.

FUTURE DIRECTIONS

It is highly unlikely that XTM will ever achieve the spatial resolution
of SEM. XTM's principal advantage, an extremely important advantage, hes
in its noninvasive, three-dimensional capability, Coupling XTM to other,
more destructive techniques, will greatly expand our understanding of the
time-evelution of materials microstructures. In order for XTM to realize this
potential, however, in-situ inspection capabilities must be developed. These
capabilities will include tensile load cells and high temperature stages.
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We have recently tested a prototype load frame which allows XTM
studies to be performed on’ samples while they are under tensite lozd[23], In
its prototype configuration, the load frame ¥ests upon a single rotational
stzge~the Ioad from the grips being suppoted by 2 semi-transparent x-ray
window. Though the x-ray window alters the DC value of the XTas images
due (o incomplete normalization of the reference beam, we have
demonstrated an ability to open up and image cracks using this cell up to
42ksi tensile load. It is important fo note that vibration and drift in the
sample position must be- kept below a micrometer during the XTM
measurements.

Figure 7 shows the load frame configured for use with a conventional
X1ay generalor. At the right in Figure 7 are shown longitudinal and
transverse XTM sections through the notched region of an Al-Li alloy under
42kst tensile load. The opened crack is easily visualized, whereas at 0 ksj
load the crack is nearly invisible. The noise in the image is due to un~
normalized absorption in the x-ray window. A second generation Joad cell is
now being designed which will eliminate the x-ray window.

XT™ of samplas undér tensile load

Fatigue Sample (Al 1.9% Li)
42 ke Loy 2

Figure 7: Inesineload frame for perfoming XTM on samples under tensile load,




In addition to in-situ load frames, it will be necessary to image larger
samples with at least the same spatial resolution, if not better, zs that which

we have already de: rated. In the p XTM “design, and in all
fall ilabl the pl s « ined to alw:

wzthxn the field of uew of the delector durmg rotation. The CCD:detector

used for these p pp ly 1003 pixels (detector elements)

across the.feld of view. Thxs allows us to image a 1 cm wide sample with
an equivalent 10 pm pixel. With a recently acquired 2k x 2k element CCD
array, the same sample can be imaged using 5 pm pixels. An_obvious
approach is to obtain larger format CCDs as they becomeavailable. This
approach is impractical, howéver, because the cost of these CCDs is high,
and the availability is low. In addition, the data storage requirements
become enormous with increasmg format.

Two other options exis: for increasing the sample size with the present
XTM design. The first is to use 1 tat tries. In this .,
the sample is translated across the field of view, This method requires
multiple exposures and an ly tight tol e on pixel reg)

Though greatly inc g the acq time, the translate-rotate method
will allow xmagmg larger samples “with small format CCDs. However, data
ts will in large using this method.

" An alternative approach, and the one which we are pursumg, is the
region of interest (ROI) method. Using the ROI method, the entire le is
no longer constrained to remain within the field of view; rather, only a
region of interest needs to remain within view during rotation. We have
been making progress with the ROI methcd, and success with the method
has now been obtained with artificial data, Application of the ROl method
to actual experimental data is now being undertaken.

CONCLUSIONS

We have described an x-ray tomographic microscope which has
sufficient resolution and contrast sensmvuy to provnde valuable
microstructural information on engineering materials. The microscope can
operate using both conventional and synchrolron sources of radiation. The
approach“to x-ray microscopy outlined in this paper differs from other
efforts in that we are developing the technique to 1mage small fcatures in
large samples at high x-ray energy.

X-ray lomographxc mlcroscopy is beginning to be applied to materials
science studies of Is. Efforts are underway to use XTM in
studies of fatigue and “failure in metal matrix composites and also to study
chemical vapor infiltration of ceramic composites. Furthermore, a recently
developcd tensile Ioading frame has been used in initial studies of crack
closure in high strength Al alloys{23).

The application of XTM to materials studies has only just begun. The
use of XTM with other imaging modalities, for example ultrasound, MRJ,
and electron microscopy, promises to greatly improve our understanding of
processing and failure in advanced materials.
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DEVELOPMENT OF QUANTITATIVE X-RAY MICROTOMOGRAPHY

H. W. Deckman, J. H. Dunsmuir, K. L. D'Amico, . R. Ferguson, B. P. Flannery
Corporate Research Laboratory, Exxon Research and Engineering Co.,
Rt. 22 East Annandale, NJ 08801

ABSTRACT

We have developed several x-ray microtomography systems which function as
quantitative three dimensional x-ray microscopes. In this paper we describe the
evolutionary path followed from making the first high resolution experimental
microscopes to later generations which can be routinely used for investigating
materials. Developing the instr ion for reliable quantitative x-ray microscopy
using synchrotron and laboratory based x-ray sources has led to other imaging
modalities for obtaining temporal and spatial two dimensional information.

Introduction

X-Ray tomography is a non-invasive imaging technique which produces maps of
the internal structure of samples. It was first discovered [1] and developed [2-3] in the
carly 1970's and'was ongmally employed as a medical diagnostic tool [4]. In medical
appucauons [5), computed axial tomographic scanners map bone and tissue sections of
human patients with .5-1 mm resolution on an image plane which usually contains
fewer than 512 x 512 pixels. Several different protocols for acquiring the data in
medical CAT scanners have evolved [4,5), however the attainable resolution is limited
near .25 mm due to dose limjtations to human patients and the physical detector
design.  Medical CAT scanning technology was extended to other applications by
several groups in the late 1970's [5,6), resulting in devices which obtained ~50 ym
resolution in planar crossectional images. Higher resolution planar scanners (obtaining
~5 pm resolution) were also produced (7} using a pTotocol which traded increased
resolution for a several hundred fold decreasein throughput.

With the advent of intense high brightness synchrotron sources, the potential
existed (8] to extend the technology with a plane parallel data acquisition protocol and
develop a practical x-ray tomographic system which functions as a three dimensional
x-ray microscope.  X-ray flux available from a bending magnet beamline on the
synchrotron in principle allows a millimeter sized sample to be scanned with micron
resolution in less than 5 munutes. To capture this potential required innovations in
the areas of ; (1) algorithms for reconstructing .1-1 gigabyte data sets, (2) computer
graphics to dxsplay the enormous amount of reconstructed data, (3) x-ray detector
technology to obtain quantitative micron resolution images, and (4) beamhne x-ray
optics to stably illummate samples with a high flux x-ray beam. Since 1984 we have
had an ongoing program which addressed all these issues'and in 1986 [9] we obtained
our first three dimensional micron resolution images. Since that time we have been
working to evolve the prototype microscope into one which is a microscope for
experiments rather than an experimental microscope, This has mvolved, (1)
integrating advances in computer technology to speed up data rccons!rucuon and
display, (2) creating an improved detector which incorporat
procedures, (3) constructing dedicated laboratory and synchro!ron based x-ray sources
and (4) developing user friendly menu driven software that controls data acquisition
and reconstruction. In this paper we will review the evolutionary path of our
microtomography program. Other groups have also been working on several of these
issues {10,11) and descnibe their resuits in this volume.
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Development Of Synchrotron and Laboratory X-Ray Sour

Principle attributes desired in x-ray sources for microtomography are ; (1) high flux
Tevels in a narrow energy range, (2) nearly parallel collimation, and beam stability in
position and intensity. Flux levels required for an accuracy, o / F ,in the
reconstructed map of linear attenuation coefficients, F ,in the target are given by
NJZn W Y2 1

Flux = ~ .1
WS A T DG /FrsE O

where, N, is the number of x-ray photons per pixel incident in a single view of the
sample; A, is the area of each pixel; S, is the the live time for the scan during which
the sample is actually exposed by x-rays; t={ F - Sample Size } is the optical
density through the target; «, is a noise amphfication factor introduced by the
reconstruction process [12); #, is the number of pixels in the image spanned by the
sample; §, is the physical dimension of a pixel in the image, D is the detective
quantum efficiency of the x-ray detector which is ~5 for our detector (13). In an
optimal observational strategy [12), the x-ray energy is matched to the target so that
optical depth through the target is t=2. and the required flux is minimized. Under
these conditions, the flux requirgd for obtaining o /F =.05 (5% accuracy) in
the reconstruction with a relatively short live scan time, S, of 10 minutes is shown in
Figure 1 below as a function of the number of pixels, n, and pixel's size, 8. A 5%
accuracy in the reconstructed map of linear attenuation coefficients gives acceptable
image quality for many materials. Inspecting Figure 1 it is seen that high resolution
large format images have ly d d '
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Figure 1. Plot of the x-ray flux required to obtain 5% accuracy in the reconstructed
map of attenuation coefficients under optimal observational conditions in
a 10 minute ( live ttme ) scan. Also shown are characteristic fluxes
obtained with our available sources.
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To deliver high fluxes needed for high resolution large format operation, we
originaliy used Exxon’s beamline X-10A at the National Synchrotron L:ght Source.
Some of the key ophcal p ts in this beamline are shown in Figure 2 below.
Fluxes as high as ~10° x-rays / (km?-sec) can be obtained witha 150 mA symhrotron
beam current when the mirror located ~10 m along the lineis focussed to relay a
direct image of the bendi t radiation to the sample. The focussed spot has a
roughly Gaussian intensity proﬁle with a width of less than ~400 jtm which does not
{ully illuminate samples Scanned with micron scale resolution. To fully illuminate

?les, the beam was defocused to 4 ~1000 m spot size with an average intensity of
~10° x-rays / (pm?-sec). In initial operation, fluctuations in the position and intensity
of the beam over the exposure period produced an unanticipated problem. Because
the mirror delivers an image of a beam ‘with Gaussian intensity profile, variations as
small as ~250 A in the posttion of the x-ray beam could lead to errors in detector
calibration and artifacts in the reconstructed images. Changes in the beam position
were due primarily to variations in the orbit of the synchrotron beam and thermally
induced deformations of the mirror and monochromator. Often these variaticns were
uncorrectable and ~33% of the data set': had to be rejected. Another ~33% of the data
sets taken had severe ring artifacts dtie t0 uncorrectable calibration errors.

To overcome this problem and obtain reliable stable uniform high flux sample
illumination, a new beamline was designed and constructed. The new beamline (X2)
does not form an image of the source with a long working distance mirror, but rather
has optical elements closely coupled to the sample. A white beam is brought from the
synchrotron to within ~1 meter of the sample where it can be processed with a variety
of optical elements and provide a uniform sample illumination over area greater than 6
mm . -Figure 3 shows a schematic diagram of two dufferent configurations of the X2
beamli In one configuration (Figure 3A), a silicon monochromator provides a
narrow bandpass. Higher harmonics (A/N) reflected from the silicon monochromator
are rejected with a flat grazing incidence x-ray mirror. A wider bandpass is obtammed
by using a multilayer monochromator which can be inserted in place of the silicon
monochromator. Figure 3B showss the X2 beamline configured to operate at ~20 keV
energies- with the multilayer monochromator. At ~20 keV, the grazing incidence
x-ray mirror is not needed to reject higher harmonics (A/N) because of the relative
absence of photons of these energies in the synchrotron spectrum. Fluxesof ~5 - 10 ¢

x-ray photons /{um2 -sec} can be obtained in a ~50 ev bandpass. This flux allows
rapid large format high resolution scans of sample as quantitatively shown in Figure 1,

Electro-optic Narrow Bandpass
Detector Monofg?:zator

T Radiation From
~Sample Mounted Deformable Focusing Bending Magnet
On Rotation Stage Mirror
~tcem - ~10 meters - ~10 meters

Figure2. Schematic diagram of initial x-ray tomography experiment on beamline
X-10A at the National Synchrotron Light Source. The detector is shown
with a scale factor which is different from the rest of the drawing.
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Figure3. Schematic diagram of two configurations for x-ray tomography
experiments on beamline X-2. The configuration shown at the top
(Figure 3A) provides a ~8 ev bandpass while the configuration shown at
the bottom (Figure 3B) provides a ~20 ev bandpass. The sample rotation
stage and detector are represented with a scale factor different from the
rest of the drawing.

Laboratory based x-ray sources do not have the flux of synchrotron sources,
however they provide significantly better convenience and source stability. As a
convenient in-house laboratory source we have been using a 3 kw Phillips x-ray
generator configured with commercial Cu, and Mo fine focus x-ray tubes commonly
used in x-ray diffraction experiments. The long fine focus tube produces a .4 x 12mm
x-ray spot which is viewed at a 4 degree takeoff angle yielding an apparent .4 x .8 mm
source size. Even though radiation diverges from this source, plan¢ parallel sample
tlumination conditions can be attained by moving the sample far back from the source
(13).  For example plane parallel data acquisition protocols can be attained for
millimeter sized samples placed 30 cm from the source scanned at 2.5pm resolution.
This type of laboratory source cannot be directly used for quantitative x-ray
tomography because of polyct ti trahlung radiation which s emitted
along with characteristic line spectra. To eliminate this problem a crystal
monochromator can be attached to the x-ray tube, however, it reduces the effective
flux of the line radiation at the sample by more than a factor of ten. We have adopted

L e A et A

!
i

- -




e—

a different technique which reduces x-ray flux at the sample by less than a factor of
~two but doubles the amount of data needed to reconstruct a sample Quantitative

data is obtained by digitally processing sequential scans of the sample with different
filters imposed in the x-ray beam, The filters used are balanced using a technique
described by Ross, [14] so that the digital subtraction of the two data sets results in an
effectively monochromatic data set. Details of the application of the Ross balanced
filtering technique fo quantitative tomography are described elsewhere (15). With this
bandpass technique, the ~2 ev wide K line from copper can be isolated with an
effective flux in the subtracted datasetof ~01 108 {x-rays/pum? -sec} as is indicated
in Figure 1.

Development Of High Resolution Elector-Optic X:Ray Detectors

At the heart of the microtomography device is a detector that digitally records
panoramic X-ray images with up to ~lum resolution, and high accuracy over Jarge
dynamic range. Using electro-optic x-ray detector technology we have constructed
two different generations of detectors which meet microtomographic resolution and
accracy requirements.

Electro-optic x-ray detectors function by converting the x-ray signal to an optical
image which can be detected with a wide variety of TV sensors such as videcons,
orthocons, charge injection devices (CID), and charge coupled devices (CCD).  Both
generations of electro-optic detectors were constructed to take advantage of the
properties of cryogenically cooled solid state CCD sensors, which in recent years {16]
have evolved to become the preeminent imaging electro-optic sensor technology . At
cryogenic temperatures (-140 °C--75 °C) a CCD is a nearly quantum limited device
and each optical photon absorbed in a pixel is converted to an electron that is stored in
a charge packet held in a siticon chip by fields from an electrode structure that defines
a two dimensional array of pixels. The chip is read out by passing the charge packets
in bucket brigade fashion from pixel fo pixel to an onboard charge sensitive FET
preamplifier.  Only a small amount of noise is added in the CCD sensor because a
double correlated sampling technique is used to read the charge in the preamplifier
{17} CCD sensors used in our detectors have a readout noise that is equivalent to
less than 40 electrons per pixel and a dark noise that adds a signal less than § electrons
per pixel per minute.  The CCD's also have a dynamic range (saturation signal /
RMS readout noise) which is greater than ~10% and a readout which is linear to botter
than .5% over the full dynamic range.  Both generations of detectors use back
illuminated CCD's which were manufactured by RCA . The first generation device
had 320 x 512 defect free ~25 um sized square pixels that could integrate up to
~800,000 electrons per pixel before saturating. The second generation device uses a
sensor made with a 2X design rule and contains 640x 1024 ~12.5 um sized pixels that
could integrate ~160,000 electrons per pixel before saturating.

Since pixel sizes in the CCD sensors do not match the desired 1- 10 pm image
resolution, the x-ray image format must be altered before it can be recorded by the
CCD. Several different techniques have been used to alter image formats in
electro-optic x-ray detectors and we have shown [18] that a carefully designed optical

lens can be used for format alteration in d ding q tive imaging applications.
Lens coupled format alteration 15 used in both generations of electro-optic detectors
and Figure 4 shows a schematic di of key el ts in the detectors.

When a lens is used to couple the x-ray induced Juminescence of a phosphor screen
to a CCD sensor, careful optical engineering must be performed.  Attention must be
paid not only to the overall modulation transfer function of the system but also fo the
overall light gathering efficiency of the lens. If the light gathering efficiency of the lens
is too large, th attainable accuracy in a single exposure will be dramatically reduced.




02

& Data Storage Stage (8)
Figured.  Schematic diagram of the key elements in the electro-optic detector and
their relationship to the spedimen and x-ray source

To quantify importance of properly tuning ihe lens light gathesing efficiency, we
consider the detected accuracy or uncertainty, p , which is related to the detected
quantum efficiency, 2, for each pixel by

==1_ Eq.2
? YDN
where N, is the number cf photons per pixel inddent on the detector. The detected
quantum efficiency, 2, for alens coupled electro-optic x-ray detector [18} is given by,

2 -3
1 1 ( 1] 1 ( Q. ]
D~ |— + 1=~ 4 =— ——— .3
[t tel, €, N {le,lL, ¢ Eq

where L _ is the light gathering efficiency of thelens, £,  is the number of optical
photons emitted by the phosphor for cach absorbed x-ray, ¢ is the absorption
probability of an x-ray in the phosphor, @, is the readout noise of the CCD
and ¢ =8 istheoverall quantum efficiency of the CCD. The maximum number of
x-ray photons, which can be integrated by the detector is

hW
= —— .4
New =1 e, L, g, Eq

where W is the number of electrons that saturate the CCD welland £ isthe
usable fractionof W which is typically 2/3. Inspecling equations 2,3 and 4, itis
seen that for a phosphor which efficiently absosbs x-rays (¢ >.8) coupled with a low
readout noise CCD ( @ , <50clectrons), the attainable accuracy in a single exposure
depends primarily on the usable CCD well depth, & ¥V, and the number of photons
pér x-ray relayed from the phosphor to the CCD, €, L, . Thebest attainable single
exposre accuracies are plotted in Figure 5 as a function of the usable CCD well depth
and number of photons per x-ray relayed by the Iens to the CCD. For large format
tomographic reconstructions (512 x 512 pixels) there is a large noise amplification (o
~125)and the X-ray image must be recorded with better than .24% accuracy so that
the amplified noise in the reconstructed imageis less than 5-10%.
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Figure5. Plot of accuracy attainable in a single exp for a phosphor which

efficiently stops x-rays (f = .8) coupled by a lens lo accp having a
quantum effidency of £, =.8.

Inspecting Figure 5, is is seen that even when the usable CCD swell depth is greater
than 200,000 electrons, fewer than 2 optical photons per x-ray can be relayed to the
CCD by the lens if attainable single exposure accuracy has to be less than the ~.4%
needed for large format tomography. Most phosphors have efficiencies of
5-5% [18] and generate ~50-500 ph per absorbed hard (~10 keV) x-ray. To limit
the number of X-rays arriving at the CCD, the light gathering efficiencies of most lens
systems have to be restricted. A simple field aperture can be used to restrict the light
gathering efficdency of many lenses. Averaging less accurate multiple exposures with
more light per x-ray reaching the CCD is currently not viable. Most of the time in
tomographic data acquisition is spent waifing for the CCD to be read out. Charge
transfer considerations limit quantitative readout rates of CCD’s to ~1-10 psec per pixel.
Operating with multiple exposures would significantly increase this overhead which
consumes ~70-90% of the scan time. Future generations of CCD devices with multiple
readout ports and other advances may eventually alter this situation, however
presently the CCD readout rate limits scanner performance and data at each view angle
must be acquired from single exposures.

Besides being able to measure the x-ray flux o an accuracy of belter than 4%,
stringent resolution requirements must be met by the lens coupled electro-oplic x-ray
detector. Usually itis difficult to achieve spatial resolutions in the micron range with




At Rraasniy i e S s e

JEU——— L

1€

Cell Lined
With Optical
Isolaten Coating

Celular Matrix
(Micron Sized Cels)
{> 100,000,000 Cels)

Cut Away View Of
X-Ray Transparent
Protective Hermetic

Overcoat On Phosphor
Screen

S
’.‘

Figure 6. Schematic diagram of cellular phosphor used in first generation
electro-optic x-ray detector

Tens coupled electro-optic detectors. Resolutionis Ily degraded by spreading of
Jight through the phosphor and lens so that the signal at each pixel is in part due to
x-rays incident on different pixels. To overcome this limitation, the first g i
detector used a novel cellular phosphor structure which is shown schematically in
Figure 6 above. The cellular phosphor scréens were lithographically produced and
contained more than 100,000,000 optically isolated uniform sized CsI phosphor
columns having ~10.1 aspect ratios. The high aspect ratio CsI phosphor columns
stopped ~80% of ~8 keV x-rays entering each ccll and acted as an optical
waveguide for the emitted optical photons. Waveguiding of light in the cell was
facilitated by gold and gold/palladium coatings sputter coated onto the cell wall,
Several different phosphor screens having cell sizes ranging from ~.5-3 pm were
produced by a varicty of techniques which have been described in detail elsewhere
{19). Al fabrication procedures yielded relatively efficient phosphors because cell
walls that occluded less than 50% of the surface area. The hithographic fabrication
procedures only yielded defect free phosphor filled cell structures over a small
(5-10%) fraction of the screen. Screens were scanned for good areas before being
used for tomographic data acquisition. Even in good areas there were slight spatial
variations in the quantum efficiency of the cellular phosphor. The variations were
due to differences in cell sizes and depth of phosphor in the cells. Typically the
maximum variation of the qi efficiency gst cells in the screen was less
than 15%. Figun 7 shows an example of the type of spatial quantum efficiency
variations which can occur with hithographically fabricated cellular phosphors.
This ¢y oe of spatial variation quantum efficiency can be tolerated if the x-ray source
is spatially uniform and is stable over the course of a tomographic scan, however
even slight positional or intensity changes in the x-ray source will lead to a ring
artifact in the reconstructed tomographic data set.
To overcome problems with ring artifacts appearing in reconstructed dafa sets, a
different phosphor has been used with the second generation detector. A flat
phosphor plate free from oplical defects is integrated directly with a specially
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Spatial

cellular phosphor used in first generation clectro-optic detector.
variation of phosphor screen quantum efficiency can be clearly seen in the
calibration exposure and image through the sample. The fixed pattern
variations are removed by ratioing the calibration and sample
measurements.  Also the inhomogencous detector response is absent in
the projection (In of the ratio ) used for reconstruction.

P

gned lens. In designing this system care must be taken to avoid scattered light and
fo minimize the effects from light generated out of the focal plane of the lens. Lightis
generated out of the depth of field of the lens because x-rays are stopped over a ~10 um
distance and micron resolution lens systems have a significantly smaller depth of ficld.
The optical engineering of this flat phosphor and lens system will be described
elsewhere {20].

Besides changes to the phosphor, lens and CCD, the second generation detector
incorporated several mechanical changes which improved the system reliability and
statistical accuracy. A redesigned CCD mounting in the cryostat and related imaging
optics provided substantially improved mechanical stability so that mechanical
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deledor drift  was less than ~50 A. Mechanical drift in the first gencration camera was
d to contribute to ring artifacts. In addition, autofocus and critical
alignment test functions have been added to the data acquisition software. To obtain
critically focussed images, focus control is automated and rapidly produces images
focussed to quantitative criteria. The optical relay requires the image formed on the
phosphor plate to be focussed on the CCD. Images that appear sharp may not be
critically focussed. The resulting defocus MTF (Modulation Transfer Function) can
have a detrimental effect on data quality. In a system test, contrast reversed
reconstruction was obtainable from defocused images of a periodic test target.

Since the CCD forms an orthogonal array of detectors, slight misalignments in the
axis of rotation of the specimen with respect to the CCD array results in errors in the
projection data. A point on the exterior cylindrical specimen may appearina row 160
at 0 degrees and row 161 at 180 degrees with an axis alignment error of less than 5
degrees. As specimens become larger and pixel arrays smaller, the sensitivity to this
alignment becomes more severe. In the second generation detector, axis of rotation is
evaluated by a software alignment check prior to data acquisition and requires
operator intervention only if the rotation axis is not parallel to the CCD device within
experimental tolerances. The position of the axis of rotation may be adjusted to lic on
a pixel boundary so that transposition errors are minimized. By placing ali ignment
and focus functions in the image acquisition sofl , subjective operator judg
are eliminated. .

The second generation detector also incorporates an improved CCD calibration
procedure to better remove the CCD response from the input signal, Small deviations
in the CCD response can result in the systematic over / under estimation of specimen
absorption. The revised method for CCD device cahbration evaluates each pixel on
the device for dark count, gain, linearity, saturation and noise based on a linear
regression of each pixel in a’series of a white card exposures lhat paruallx fill the CCD
well,

The af ioned impr ts in the second generation microtomography
detector x-ray sources héve created a reliable micrcscope which can be routinely used
to scan samples.

Development Of Data Reconstruction Algorithms And Display Software

To practice microtomography on even moderately sized pl quires a
dou of ¢ ional analysis. For ple, a cubic mithmeter sized

sample imaged at one micron resolution requires a gigabyte data set. Typically we
analyze: slightly smaller data sets containing .1 gigabytes. To handle this large
amount of data we have developed [9,21) image reconstruction fmethods that are far
more rapid than the conventional Filtered Back Pro;echon methods. Our technique,
called Direct Fourier Inversion has been developed specifically for data collected
using the plane pardllel acquisition protocol employed in the mlcrotomography
system. The technique provides an imp! tation of the fund
tomography which states that the Fourier transforms of the sample and pro;echon
measurements are identical. The unplemenlauon adds two steps of padding the data
set with zeros and appropriately filteriig the transforms to successfully reconstruct
complex targets. On relatively fast array processing computers, the technique reduces
the amount of time needed to process data sets from ~ 1 month to hours. Typically the
reconstructed maps of the sample consist of three hundred planar sections each
containing 512 x 512 pixels.

Besides developing algorithms for reconstruction, techniques had to be perfected
to visualize the enormous data sets. In our first gencration system we were only able




to display mdmdual planar i images | from the reconstructed data sets. More recently
' we tech

d co which allow us more fully visualize three :

dimensional reconstructions, These ¢ § echniques are described N
R elsewhere (2] and ‘allow cube ool slticed vxewmg of the lhree dimensional structure, "
\ display of hidden surfaces within les, and dering of phases

within samples. Examples of the display of $iirfaces within samplc reconstructions
are shown in Figures 8 and 9 below as well as Figure 10 on the next page. An example
of a cubetool rendenng is shown in Figure 11. These visualization techniques can
often be performed in real tithe.

Figure8 Visualization of the interior and exterior surfaces of ~3 mm sized hollow
aluminum shells provided by the Vanderbilt Microgravity Center, Surfaces
were determined from 512 x 512 x 320 data seis taken at~6 pm per pixel.

Figure9. Visualization of the surfaces of wires running inside ceramic packaging !
provided by IBM Research. The wire surfaces in the interior of the ceramic {
and are exposed by processing of the 512 x 512 x 320 data set taken at ~6 '
um per pixel. Details of this investigation will be published elsewhere [23). i

|
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Figure 10,

Bgure 11.

Visualization of surface insidea 1.5 mm piece of Berea sandstorie. Sample
was reconstrucled on a 512 x 512 x320 mesh at 3 pm per pixel.

Rendering of the interior structure of a the piece of Berea sandstone
shown above using cubetool. White regions are minoral matter, black
regions are pores and gray areas are sand grains.
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Discussions And Conclusions

This paper has reviewed the evolution of several key technological
developmems ‘that led to ¢ of a reliable mic graphy instrument.
Currently the i t can be routinely and reliably -used as a three dimensional
microscope in materials investigations. During the course of the development of this
three dimensional x-ray microscope, a number of applications were implemented
which utlize its ability to acquire quantitative microradiographic images. The ability
to rapidly collect quantitative high ) ges of x-ray a tion has
allowed us to study dynamic changes in samples and rapidly map composmon and
porosity of samples. Dynamic changes, such a mapping flow patterns in porous
matetials, are typically studied using a dxgtal subtraction radlography process. To
visualize flow patterns, a radiographic image of the sample is subtracted from
sequential images taken with fluid invading the pore structure. Similarly porosity
can be mapped by subtraciing radiographic images taken before anc after the

tion of a suitable x-ray g fluid ito the pore retwork.

We have been applying the mlcolomography technigue to study the structure of a
variety of rocks, minerals, coals, catalystS'and engi d materials. Samples can be
scanned with monochromatic synchrotron radiation at .75 - 3 jim per pixel in less
than 2 hours and reconstructed on 2 512 x 512 x 320 gnd in a similar amount of time.
Scans times and reconstruction times as short as 10 minutes can be achieved when
samples are scanned at the synchrotron on a 128 x 128 x 80 grid of 6 micron sized
voxels. Currently scans covering a 1024 x 1024 x 640 grid represent the largest
number of voxels which can be reconstrucied and displayed. At this level of detail,
samples can be scanned in less than 10 hours at.75 microns per pixel.

In the future, we expect to see micfotomography applied to an increasing variety
of subjects including those in materials science, biology and medicine,
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DETECTION OF FREE LIQUID IN CEMENT-SOLIDIFIED RADIOACTIVE WASTE DRUMS
USING COMPUTED TOMOGRAPHY

1.5. STEUDE* AND P.D. TONNER
ARACOR, 425 Lakeside Drive, Sunnyvale, CA 94086

*now at Stone & Webster Engincering Corporation, PO Box 550, Richland, WA 99352

ABSTRACT

n

Accep criteria for disposal of waste drums require that the cement-
solidified material in the drum contain minimal free liquid after the cement has hardened. Free
liquid is to be avoided b it may de the drum, escape and cause environmental
contamination. The DOE has requested that a nondk ive evaluati developed to
detect free liquid in quantities in excess of 0.5% by volume. This corresponds to about 1 liter in a
standard 208 liter (55 gallon) drum. In this study, the detection of volumes of free liquid in a 57
cm (2') di [ t-solidified drum is di d using high-cnergy X-ray computed
tomography (CT). It is shown that liquid ions of simulated radioactive waste inside
glass tubes imbedded in cement can easily be detected, even for tubes with inner diameters Jess
than 2 mm (0 08"). Furth it is d. d that tubes containing water and liquid

ions of simulated radioactive waste can be distinguished from tubes of the same size
containing air. The CT images were obiained at a fate of about 6 minutes per slice on 2
commercially available CT system using a 9 MeV linear accelerator source,

INTRODUCTION

‘The production of radioactis ¢ waste is a result of nearly five decades of nuclear cnergy and
defense programs. During this time, many methods have been developed for disposal of
radioactive wastes in a manner that reduces the risk of environmental contamination, Ore such
method is to mix liquified radioactive waste with cement and allow the mixture to solidify in steel
drums prior to disposal. As long as the radioactive waste 1s bound in the cement and the drum is
properly disposed, there is little chance that the radioacuve elements will be able to find a path to
the biosphere,

Expericnce has shown that some types of liquid radioactive wastes prod idual free
liquid when mixed with cement. The top surface of the solidified mixture may appear to be
uniform but pockets below can contain appreciable amounts of free liquid. During transportation
and storage, drums are subject to heating and cooling which causces vaporization and condensation,
As aresult, the free liquid can collect on the inside wall of the drum. Once the liquid is in contact
with the wall, ion and breakthrough may occur. Conscquently, there is a need to ensure that
there is a minimum of free liquid in the cement.

The US Code of Federal Regulations (CFR) requires that the amount of free liquid be as
Tow as reasonably achievable (ALARA) and in no case be more than 1% of the volume of the
container (1, 2). In response to this, the Department of the Encrgy (DOE) has requested that a
nondestructive evaluation (NDE) method be developed to detect free Iiquid in quantities in excess
of 0 5% of the volume of the container,

nt methods for determining the amount of frec iquid in drums range from destructive
methods, such as punching a hole in the drum, to nond i hods such as h
‘The major problems with the hole-punch method are:
(1) free li(l;uid with no path to the hole will go undetected,
(2) the hole degrades the integrity of the drum even if it is sealed after use, and
{3) the inspection must be conducted in a place and manner that can safely handle the
release of radioactive liquids amfi_ vapors.
fication of rad

SAPIY 124

B,

P d with the app

to waste drum inspoction include:

(1) sensitaty to 0 5% free liquid by volume is questionable, especially if the liquid is
dispersed in small voids throughout the cement,

(2) for best results, free hiquid detecti sitivity must be optimized for a given path

1
Al b

(cither with film or real-time techniques)

Mat. Res. Soc. Symp. Proc. Vol, 217. ©1991 Materlals Research Soclety
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Tength through the drum by adjusting exposure times and other variables, and
(3) quantitative measurements of free liquid volume are difficult with radiography because
1tis often not possible to distinguish b hanges in X-ray path Jength and changes
in density.
. Computed tomography (CT) is 2 highly sensitive inspection technique that can be used,
free of the complications listed above, to detect free liguid withina mm—sgh‘dxﬁed waste drum,

Unlike radiography (Figure 1(a)), CT of X-ray ion are independent of X-ray
path Iength through the jal and are unaffected by ding (Figurc 1(b)).
Furthermore, CT sensitivity to small localized density changes is typically several orders of
magnitude greater than that of radiograph ppli quiri
are obtained one slice at a time. Each image can be thought of as a cross-sectional density map
tirough the object in the planc of the slice. Multiple CT images can be combined to form a full 3-D
vicw of the density distnbution in the object. Consequently, multiple CT images can be used as 2
quantitative measurement of the total amount of free liquid in a cement solidified waste drum,
independent of the location of the liquid in the drum.

The objectives of this d were to: (1) use a high-energy CT scanner to detect
free liquid 1n a standard 55-gallon (208 liter) waste drum filled with cement, (2) determine the
smalzst free liquid quantity that can be detected, and (3) demonstrate that CT can be used to
dxs't(iinguish voids filled with water and simulated radioactive liquid waste from the same sized air-
voids.

METHODS AND MATERIALS

Portland Typs I cement was mixed with water (one part water to two parts cement by
weight) and poured into a Type 17E 208 liter (55-gallon) waste drum constructed of 18 gauge steel
(57 cm di 1 mm wall thickness). The bulk density of the cement was about 1.9 g/ce after
drying for three days. Immediately after pouring, four sets of thin-walled glass tubes were
inserted into the cement, The inside diameters of the five tubes in each set were 09,20,24,34
and 4.0 mm. Onc set contained air, another distilled water and two sets contained concentrations
of NaNO3 (20% and 40%).

NaNO2 was chosen because it has X-ray attenuation properties similar to that of a
radioactive supernatant at West Valley, New York. Present plans are to dispose of this supemnatant
using the cement solidification method [4]. The percent-total solids content of the West Valley

p is approximately 40% and consists primanly of sodium nitrate and sodium nitrite with
minor of other pounds and trace of radionuclides. The density of the
supematant is 1.3 g/cc. The approximate density of the 40% NaNO2 solution is also 1.3 g/ec
while that of the 20% solution is 1.15 g/ce.

The CT system used to scan the waste drum is an ARACOR ICT 1500 equipped with a9
MeV linear accelerator X-ray source (Figure 2). The source and detector elevators (right and left
side of , respectively) are designed for a ventical scanning range of 2.3 m (927). The
P table can date objects up to 1.3 m (527) in diameter and weighing in excess of
4500 kg (10, 000 Ibs), This scanner is designed for rapid inspection of stage 111 of the Minuteman
Hirocket motor. A scanner dcsiFned specifically for objects the size and weight of a cement-filled
waste drum could be considerably smaller and could employ a specimen stage elevator rather than
source and detector elevators,

A 10 mm slice thickness and a 0.6 millimeter pixel size were used to obtain CT images
1024 x 1024 pixels in size. Typical scan times were g minutes per slice. The 10 mm shice was
located such that each tube extended all the way through the slice.

RESULTS

A CT image of the 57 cm dizimeter waste drum filled with cement (Figure 3) reveals details
of the intemal cross section with the photographic-like image quality typical of images produced by
single-shice CT scanners. The bright ring at the periphery is the 1 mm steel wall of the drem. The
out-of-round shape of this waste drum may or may not be typical but, in any case, causes no
reduction in CT sensitivity to small features located anywhere in the cross section. The mottled
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Figure 2: Industrial computed hy scanner.

Figure 3: CTmage of the 57 cm diameter waste drum.

appearance of the cement is due to a combination of statistical noise in the image and natural
density variations in the cement,

The smallest air-filled tube:(09 mm) is cleasly visible and lower contrast water and
NaNO;-filled tubes of the same size can also just be seen 1n this image, The next-to-smallest tubes
(20 mm) and all larger tubes are clearly visible regardless of contents, Several natural voids,
including one against the wall at the bottom left, are apparent in the image. The shading of the
image from edge to center is due to a slight beam hardenng artifact,
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The minimom CT density for all tubes has been measured from the CT image and plotted as
a function of tbe diameter (Figure 4). As evident from this graph, differences in CT density
between water-filled and NaNO2-filled tubes 2.4 mm and larger are measurable. For the 09 mm
tube the difference in CT density between air-filled and fluid-filled tubes is very small and the
fluid-filled tubes cannot be distinguished from one another at all.

It is remarkable that the 0.9 mm NaNO;-filled tubes are detected in the CT image yet cause
a change in radiographic thickness of less than 0.07% through a diameter. This is all the more
surprising since natural variations in the cement and shape imegularities at the periphery also serve
to mask radiographic thickness variations. The sensitivity achieved is typical of single-slice CT
imaging and ds that the X-ray transmission measurements used for CT be geometrically
precise and largely free of scatter, Both these requirements can be met by carcful design and
alignment of scanming mechanisms and collimators. Provided there is sufficient X-ray penetration,
the object itself can be of any shape and composition and requires no preparation before i

CT Density Value (Approx. g/ce x 1000)

®  40% NaNO2
o 20% NaNO2
u water
e air
% : 2 3 : s
Glass Tube Inside Diameter (mm)

Figure 4: CT density as a funiction of tube diameter for various tube contents,
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ABSTRACT

In X-ray coae-beam to=ography. the oaly planar souzce
rajectory that does not produce ince=plete data is the infinite
1ine. uch a sotrce trajectory is not experimentally possible.
70 easure cosplete data acquisition with cone-beaa radiographs, a
set of nonplanar trajectories has been studied. Azong the
rajectories proposed in the literature, a sisple cne is a set of
two circular trajectories with intersection of the two trajectory
axes. The angle betxeen the txo axes is related to the maxizua
apexture of the cone beam. We propose here an exact method for
rforaing this reconstruction using the 3-D Radon transfora of
the object. The modulation transfer function of this algorith=
reszains identical to that for the central slice of reconstruction
in a single circular trajectory. The relative mean square error
for deasity stays within 2% for an aperture of #30°. With a
single circular trajectory, the relative mean square erzor may
xeach 203 at the same aperture. with a double circular
rajectory, horizontal artifacts are nearly suppressed.

INTRODUCTION

Recently 3-D cone-bean tomography has becoze of interest for
the nondestructive evaluation of advanced =aterials. The main
field of application is in the evaluation of structural ceramics
f1). Study of such materials implies high density resolution and
high sensitivity to ~=acks {2,3]. In fact, with a circular
source trajectory, when tne cone-beam ape.ture increases, density
is underestimated and horizontal cracklike artifacts may appear
at interfaces in the sample [4). These artifacts limit the
thickness we can examine with a planar source trajectory. To
rmaintain optimal reconstruction accuracy with a circular source
trajectory, the angular aperture must remain within £10° [4]). To
exanine greater thicknesses and to maintain resolution, we must
widen the cone-beam aperture; this allows us to reduce the
source/object distance, and photon noise is then reduced. If we
wish to reduce the volume of the elementary voxel by 8, for
example, to keep the reconstruction sjignal-to-noise ratio
constant, we must multiply the £i0x in the voxel by 16. Thus,
the shorter the source/object distance, the better the signal-to-
noise ratio. An aperture near #30° allows us to examine larger
voluzes under good conditions.

Until now, most of the experiments presented in the
literature were performed with a planar source trajectory (5,6).
Recently, a new method presented by Smith (7] has been applied to
nonplanar source trajectories by Kudo and Saito (8}. The
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inversion presented by Kudo uses the Hilbert transform. We
preseat in this paper an exact reconstruction sethod using 3-D
Radon transform inversion with a double circular sourxce
trajectory. This is an application of the work of Grangeat
[5,10}] who established a general mathezatical relationship
between X-ray transform and the first derivative of 3-D radon
ransfors. This method reguires less corputation than the Kudo
method [11) because HYxlbert transform it not a lecal cpexation.
In the Theory section of this paper, we recall that mathematical
relationship. In the Method section, we show how two circular
source trajectories can give access to cozplete information on
the cacple. We give the relationship between the size of the
recoastzucted object and the angle between the axes of the two
trajectories. In the Results section, we study with simulated
data the modulation transfer function (MIF) of the dual-axis
reconstruction method. We provide some cozparison to
reconstructions obtained with single planar trajectory
reconstructions.

THEORY

Grangeat (S) showed that we can link exactly the 3-D Radon
transform of an object and the X=-ray transform of the same
object. With this relationship we can directly determine points
of the first derivative of the Radon transform; this is done
independently of the source trajectory. For each xadiograph, the
set of points filled in the Radon space forms a spherical surface
(Fig. 1). Given an object function £(M) where M is a given point
of the space, let us define the X-ray transform X£(S,A), the
vadiographic reading at point A corresponding to a souxce
position S, as

-

212 g
XE(S,A)= I fi5+a—2)da
=0 liSAll 1)

If we consider point P of the Radon space of oxigin O, the Radon
transform of £ in P is given by

RE(P) -j-» - f(MaM
0P eM)=0 3)
and call SYf(S,n) the integral over the line D(S,n) intersecting

the(:fdetector and the plane passing through S and perpendicular to
n (f£ig. 1)

SY£(S,f)= Y£(S,A)dA

AeD(S,) (4)
vwhere
-
vees,m="Axes,n
1isal (5)

then the Grangeat formula {9) can be written as
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with p =~ OC, p' = OC*', as defined in Fig. 1.

For rxeconstructing, the first derivative of the Radon
ransform is filled with the spheres that correspond to each
souxce position and is inverted by two set of backprojections.

2 -
M= ——% I 2—-—3 sz(ou.ﬁ,ﬁ)dﬁ
8r°Js? gp’ )

Kirillov (12) and Tuy [13) showed that in oxder to perform
exact 3-D cone-beam tomography, all planes passing through each
point of the object must cut the source trajectory at least once.
Obviously, in the case of the circular trajectory, the planes
that are parallel to the trajectory and cross the sample do not
follow this condition. Thus, no information 1ying in these
planes is detected.

Integration plane torus trajectory 1

torus trajectory 2

Detlection plane

Integration
line

rsoul
Fig. 1. Acquisition geometzy for the Fig. 2. Maximum object radius
relationship between X-ray transform with double circular trajectoxy
and Radon transform of radius xsou} and rsou?

METHOD

The set of points of the Radon space that is addressed by a
circular trajectory defines a torus {9]. The Radon transform of
a spherical object is different from zero in a sphere of- the same
diameter as than of the object. Thus, to reconstruct an object
of the same diameter as this sphere, we must measure these points
in .the Radon space. The principle of double cireular source
trajectories is definition of a second torus whose axis
intersects the axis of the first and that is defined in the area
where the first torus is not defined. The simplest trajectory
from a mathematical point of view is achieved by constructing the
second torus at 90° from the first one {8). This trajectory
provides the largest possible radius of the object to be
reconstructed and allows a total angular aperture of %45° but is
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seldom compatidle with hardwaxe problems. Usually, the possible
angle between the twd trajectories is less than 245°. As shown
an Fig. 2, let us assuyre that the angle between the two
tta;ectories is &; then, if rsoul and rsou2 are the radii of the
trajedtories and rrad is the msximum radius of the object that
can be examined without azpproximation,

rsoul.rsou2.sing
Jrsoua?+2rsouz.rscut.cost+rsour? o

rrad=

RESULTS

Using the same methods we described in Ref. (4}, we have
measured the MIF of the dual-axis reconstruction on a set of
concentric spheres at different apertures. This MIF (Fig. 3) is
xdencxcal to that of the Radon algorithm on the central slice and
is independent of aperture. In the case of single-axis
reconstruction, the MTF is very perturbed at large apertures no
matter what algorithm is used. The uniformity of the MIF with a
double circular trajectory shows that we have suppressed the
entire effect of the shadow area without degzading the
geometrical resolution.

1.2 §O-°
3
1.0 1
®
N 1
0.8 ] 50.24
S
0.6 a9
L3
0.4 H 30.?‘
kd
0.2 3
»
©
0.0 Y T ~r- T % o0, T T ¥ T T
0.1 0.2 0.3 0.4 0.5 Hoa30 =20 =10 O 10 20 30

reduced frequency vertical angular aperture (degrees)

Fig. 3. Modulation transfer function  Flg. 4. Relative mean square error
of the dual axis reconstruction. ALY  of the differont cone-beam

values of the MIF are very close reconstruction codes.

to the apodisation function of the ~—O~— 3-D backprojection

radon reconstruction. w4 Radon 2 axis

~=w Radon } axis central slice wedeen Radon 1 axis

»~ Radon 1 axis 10* position sfice ~—4=— Radon 1 axis 0. in shadow

-+ * Radon 2 axis 30° position area

= apodisation function of Radon

Density resolution was evaluated as described in Ref {4). A
set of spheres is located on the axis of one of the two
trajectories, and the average density of each sphere is compared
to that of the sphexe of the central slice. With a single
circular source trajectory, the 3-D backprojection algorithm (5}
and the Radon aigorithm underestimate the density of the spheres
that are not on the trajectory plane. In Fig. 4 we see that for
an aperture of $30° with a single clixcular source trajectory the
relative mean square error (RME) may reach 20%. With dual-axis
resolution the RME is less than 2%.
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Fig, 5. Effect of double trajectory on
horizontal artifacts. The sample is a set of
cuble volumes. Each view represents a vertical
slice along the fixst axis of rotation. (a) 3-D
backprojection reconstruction, (b) Radon
reconstruction with single circular trajectory
(Radon 1 axis), (c) Radon reconstruction with
double cirxcular trajectory (Radon 2 axis)

Bffects of dual-axis reconstruction on horizontal artifacts
have been studied on a set of parallelipedic simulated samples.
Figure 5 shows the improveed xeconstruction with a double
circular trajectory. This improvement is sensitive on each
intexface and particularly at the top and bottom of the sample.

Figure 6 shows densitometer profiles taken axially along the
sections of the simulated data samples. Figure 6 a is the
densitometer profile for the entire length of the reconstructed
simulated data and Figure 6 b shows an expansion of the .7 to 1.4
density of Figure 6 a.

2 1.4
1.3 f\
> 7 1.2 ]
B lw e ‘5’5’4‘;‘-'»3 kS J %
g A \ 21 ¢ s
Q . »
S o] N - (N
0.9 by P
0.8 ¥
-1 v T Y 0.7 v v v
-40 =20 0 20 40 20 =10 0 10
Vertical aperture (degrees) vertical aperture (degrees
(@) [i+)]

Fig. 6. Density values along the £irst axis of rotation
for the three reconstructions in FPig. $. (a) plot for
all apertures. (b) central part of plot (a).
e——w— Radon algorithm, single circular trajectory
wmemnnmee Radon algorithm, double circular trajectory
e 3D backprojection algorithm, single

circular trajectory
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CONCLUSIONS

We have shown that 3-D cone-beam tomography with double
circular source trajectory suppresses problems of mnissing
information encountered with single circular trajectories.
Mainly, density resolGtion is independent of interest-area
position, and streak artifacts characteristic of single circular
trajectory reconstructions are suppressed. This method can be
implemented without approximation using the Grangeat formula,
Such a method allows the design of 3-D cone-beam tomographs for
evaluation of small components with good photon efficiency. We
are upgrading our experimental setup to acquire data on the
double circular trajectory.
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PROCESS CONTROL FOR COMPOSITES USING COMPUTED TOMOGRAPHY
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ABSTRACT

Structural fnformation provided by computed tomography (CT) can be used
for quality control and optimization of processes for manufacturing better
rmaterials. The squeeze casting method for producing meta) matrix composites
{nvolves infiltrating a preform of ceramic fibers with molten metal under high
pressure. Part quality can be fmproved if CT is.used before infiltration to
determine if the preforms have the desfred distribution of fibers and ace free
of defects. Measurements do not require uniform shapes, ‘and CT systems can
even be used to obtain accurate densities on complicated part shapes that are
not amenable to bulk density measurements based on weight and size. With this
quantitative distribution information as & guide, preform production can be
modified to produce either 3 wore uniforn fiber distribution or to selectively
{ncrease the fiber concentratfon in critical areas. Problems occurring during
later stages of processing can be detected in CT images of the completed part.
for example, CT can be used to detect unreinforced regions in metal matrix
composites caused by cracking of the preform during the squeeze casting pro-
cess. CT scans of completed parts can also detect and distinguish variations
in structure such as microporosity.

INTRODUCTEON

Ceraaic fiber reinforced metal matrix composite (MMC) parts have superfor
mechanical and thersal properties compared to parts made from just the metal
alloy. Consequently, MMC parts posSess properties desired by the aerospace,
automotive and consumer~goods industries {1.2). Squeeze casting is a proces
dure for producing an MMC by iaf{itrating the open network of voids in a pre-
form of ceramic fibers with molten meta) under high pressure. The preform
generally contains 16-20% fiber, by volume.

Defects, such as delaminations, porosity and non-homogeneous fiber dise
tribution, can degrade the properties of the part and result in premature
faflure. by mapping the X-ray atteavation in a specimen, CT can provide an
accurate reconstruction of the size, shape and distribution of such defects in
¢3st parts. The same principles can be applied to detecting and characteriz-
ing material and density variations in preforms. The information available
from €T analyses can be used for control and optinization of manufacturing
processes, as well as for quality control inspection.

EXPERIMENTAL

CT images of most of the preforms and the MMC castings were obtained with
2 Scientific Measurement Systems (SMS) 1018 series industrial CT system. The
parts were scanned with an X-ray source operating at 225 kVp and filtered with
0.5 ma of brass. Scan geometry was cet so that in-plane and stice thickness
resolution were both eithar ~0,3 avo or ~0.5 mm, Images for the castings were
corrected for beam hardening using transmission values obtained with an alumi-
num wedge, Two preforms were scanned with a Siemens OR3 medical CV system
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with an X-2ay source operating at 125 kVp, an in-plane resolution of ~0.7 ow
and a siice thickness of 4 am.

In the gray scale images, white signifies greater X-ray attenuation,
which is preportional to both density and composition, For the preforms, come
position was uniformly distributed so that the measured attenuation was di-
rectly proportional to fiber density. -X-réy attenuation values were converted
to fiber density through analysis of calibration preforms having fdentical
composition, simple geometry (i.e, cylinder or cube), and a cross section of
similar size and shape,

RESULYS AND OISCUSSION

Fiber density in a preform affects both the casting process and the re-
sultant structure of the casting., Insufficient fiber density or cracks lesd
to unreinforced or under-reinforced areas, while metal starvation can result
from too high 2 fiber density. In elther case, premature fallure of the part
my occur. For exdmple, Figure la shows a photograph of the crown of a
sectioned and polished engine piston, The area containing the fiber refn-
forcement 3s wel) as a delamination that formed in the preform during casting
can be clearly seen. Ffigure Ib shows a CT scan of the same region. The X-ray
attenvation of the reinforced crown §s less than for the unreinforced metal,
s0 the former appears darker. Regions fn the crown having the same-Jight gray
color as the matrix materfal in the rest of the piston are indicative of unre-
inforced aluminum and show where the preform had cracked.

fig. 1. Photograph (a) and CT image (b) of the top of a sectioned
Al aNloy, diesel engine piston whose crown s rejnforced with a
ceramic fiber, In (b), the reinforced crown appears darker than
the unreinforced metal. Regions in the Crown (Shown by white
arrows) having the same color as the rest of the piston 2re in-
dicative of unreinforced Al and show where the prefors had cracked.
(Note: Black arrow and 1ines in (3) refer te transverse CT images
shown in Ref. 2 and should be ignored in the present paper.)




fig. 2. CT image of a machined preform showing 2
crack (indicated by arrow) and varfations in
fiber distribution. CT image is parallel to and
contains preform axis.

Prefoims are designed to provide the optimum distribution of fiber to
insure the needed performance of a part. Some of theidefects that occur in an
MMC can be traced back to defects §n the preform. There can be a significant
savings if defective or “out-of-spec” preforms can be detected and rejected
prior to the casting process. Figure 2.displays a CT image of an early gener-
ation preform, which contains a crack on the left side, While a crack such as
this way be visible from the outside, only 3 technique such as CV can determine
the locatfon and extent of a crack. In another example, Figure 3a shows 2 CT
image of the end face of an early generation, cyiindrical preform made of a
silica~alumina fiber. Two defects can be observed in this figure: a low dea-
sity oval band and a square array of small, low density areas, Relating this
information to processing parameters facilftated corrective modificatjons that
resulted in more uniform parts (Figure 3b).

These preform images demonstrate that quaiftative analysis of CV images
can make 3 significant contribution towards quality improvement, The fact that
CT images are digital fmages means that CT data is amenable to quantitative

Scm

Fig. 3. CT images (obtafned on a medical system) of planes
perpendicuiar to the the axds of cylindrical preforms: (2)

shows a low density region in the center and 3 square array
of small low density regions: (b) shows a more uniform pre-
form resuiting from successful inplementation of corrective
processing modifications,
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analysis as well, for exaeple. the mean Xersy attenuation for & slice from a
preforn measures jts aveérdge density: the standard deviation measures unfforme
{ty. These quantitative parameters can be monitored during production to
deterafne trends. For example, Figure 4 tracks the mean density (in arbitrary
units) of & plane of a eylindrical preform during a 70-unft production cun.

While the mean density or the standard deviation of an entire sifce pro=
vide meaningful data, they do not necessarfly reveal important structural ine
formation. For example, Figure S shows two preforams that have 3pproximately
the same mean and standard deviation bug skgnificantly ditferent structures.
The fact that a (T image §s a matrix of numbers allows the data to be analyzeq

FREFORM :

PREF ORM 2

Fig. 5. CT images of two preforns having simitar mean
densfty but different structures.,
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on & finer scale. In order to quantify the density gradients in shaped pre-
forms, X-ray attenuation values were obtained at regular intervals across the
CY image. These values were written to a matrix where the columns represented
points in vertical profiles,-and each row represented a set of points obtained
across the part from left to right at a specified proportional distance from
top to bottom, i.e, a line following the profile of the part. Parts were
scanned at a number of fixed angular intervals about their axis to obtain in-
formation about axial symmetry. This allowed density to be plotted as a func-
tion of three parameters: cadius, relative height and angle. Trends versus a
specific geometric parameter, e.g, radius, height, and angle about the part
axis, were accentuated by averaging the data with respect to the other two pa-
rameters. Figure 6 contrasts the radial density gradients of the two preforams,

These examples show the type of qualitative and quantitative information
that can be obtained by CT to guide modifications for producing preforas with
either a more uniform fiber distridution or for selectively increasing the
fiber concentration in critfcal areas. Even {f mean part density is the only
desired parameter, CT offers an advantage: CT systems can be used to obtain
accurate densities on complicated part shapes that are not smenable to the
accurate volume measurements required for determining the bulk density.

Although certain defects appearing in metal matrix composites can be
traced back to the preform, some are caused by the metal infiltration process
ftself. Information obtained from the completed part can also provide signi-
ficant structural information that can be correlated with processing problems.
For example, Figure 1b shows the detection by CT of unreinforced regions that
have formed fn an engine piston. The ability to detect a preform in the metal
mateix is non-trivial. At the X-ray energles required to penetrate large-cas-
tings, ceramic fibers containing alumina and typicsl aluminum alloys contain-
ing silicon and magnesfum have very similar mass attenuatfon coefficients.
This means there Is virtually no contrast between these components. fortu=
nately, the alloy in this part contained about 3% copper. which fncreased the
attenuation coefficient of the alloy enough to provide sufficient contrast.
Nevertheless. even when contrast between the preform and alloy is sbsent, CY
scans of castings can provide significant information, e.g.. the presence of

porosity.
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CONCLUSIONS

Information available from CT inspection offers the opportunity for quai-
ity control and optimization of manufacturing processes. In metal ®atrix com~
posites, which are produced by infiltrating a ceramic fiber preform with
metal, part quality can be improved when CT is used pefore {nfiltration to
determine if preforms have the desired distribution’of fibers and ff they are
free of defects. CT scans of cast parts can detect and distinguish unrein-
forced regions as well as variations in structure such as microporosity. ODate
can be characterized quantitatively and with this quantitative fnformation as
a guide, prefora production and part casting can be modified to produce defect
free composite parts having the required distribution of reinforcing fiber,
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ABSTRACT . ;

The paper describes our 3D X-ray CT algorithm “RADON" using attenuation measurements
quired with a bidi ional detector. Qur inversion diagram uses the first derivative of the

Radon £ yathesis thea its inversion. The potentiality of that new method, particularly

for the large ap , prompted us to develop an optimized soft offering and
high perfe on a modesm sci puter. After a bricf recall of the basic principle of
X-ray umaging p: ing, we will duce the th 1 develop lung in the
present inverston diag A general algonth will be proposed afterwards. As a

£-4 i, ry )
conclusion we will present the performances and the results obtained with ceramic rotors
examination,

1. INTRODUCTION
X-ray CT is used in medecine to perform body in-vivo Jnvestigation for diagnosis or therapy
purpose, and also in Non Destructive Tesung (NDT) to find defects into industrial products. The
dch istic p is prop 1 to the linear attenuation coefficient y. In
pl to tomographic and radtographic systems, the 3D apprehension prompted
us o study a 3D imaging system using ic radiography. The proji are acquired with a
2D detector. As in classic tomography : cither the couple source-detector moves around the
object or the object rotates into the measurement cone beam, The interest of these systems Hes in
the use of the total information supplied by the cone beam geometry. Then, an ooject may be
d from a reduced ition set which d the exams length, Consequently,
the 3D imaging processing has strong argur So we have to deal correctly with the
acquisition geometry into reconstruction algorithms. This point will be the main strength of our
approach resulting 1n an 1sotropic reconstruction on the three axis. In order to evaluate the
performances of s new algorithm a first sof devel had been impl dat LETL
Readers may refer to the referencis (RIZO (19902)), [RIZO (1990b)} for the results and more
particularly for a first companson with the Feldkamp's algonthm [FELKAMP (1984)), This first
version supglied promizing results, but the reconstructions needed a too Jeng computation time,
So we developed a software, named RADON, able to offer supp} and high perf
on a modem scientific computer,

2. RECONSTRUCTION ALGORITHM

2.1. Presentation

We set those develop into the £ hods context b they supply direct
reconstruction algorithms, The measurement and the object to be reconstructed are represented
by continuous space functions. The direct problem study is treated by the functional analysis.
The resolution of the inverse problem leads us to find an inversion scheme consisting in
€xp g an object transform function then in inverting at. The dertaking phasis is
achieved afterwards, This implicitly imphes that such sampling condutions supply a i
formulation compatble with the analytical one.

This work 1s based upon a previous research done in our laboratory by P. Grangeat on the 3D
cone beam tomography [GRANGEAT (1990)). By linking the X-ray transform to the first
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derivasive of the Radon tansforms, Grangea esubiished 3 way 10 deal with the coes bezs
P2 y. This fusdamenea) relasion resciend i the frt afperRim able o Cen cxacdy a 3D cone
beam recoassuetiont

2.2. First derivative Radon transform sycthesis
The 3D Radon fora RE fates a fenction £ wiih 22 set of its space planes fxtepales 25
follows (Fig1):

R‘(P;"-‘!) "H Mepp Ry TOD dM

Fig. 1.

An object may be completly defined by its 3D Radon wansform. This object will be
reconstricied by using the following inversion formuia (NATTERER (1936)].
2, -5
£M) = oL f IR (o.\ﬁ'.‘n’)d‘n’
8z 2 9
The problem consists in expressing the object Radoa transform from 5e. quired
with a 2D detector. We introduce the Xeray Xf transform: of the: fusction f, as the linear

which associates £ with the cxpression (Fig. )2
+o0 -

xiEmn= | f(s-!ra.uT;)da forSeT ,AcPX ad wihiy= 22,
2as0

£s,

Fig.3

After a logarithmic correction the measurement is :
A

Lo = J f)dl = XES.A)  wihl=S+aw

Incone beam g Y, the X-ray transf det
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The theocesica) Efficulty, Eaked op to the cone beam geocaetsy is 10 express a relation betweea
the X-ay r2asform 2ad the 3D Radoa tzasforma. Let vs define the weighted core beam X-rzy
n::d’omYtudnsmgﬂ{mﬂrmcmcmgﬁlmb(slﬁ)(ﬁgj).

Yf(S.A) = '."§2l-. X{1(S.A) AePX, SY!(S.?) J AD(SD) Y1(S.A) dA
lSAI
The weightizg cocflicient expresses 3 magrification corection over the Xesay trznsform.
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I0SATE
An ¢qival pression may be obtzined by ing the first derivative versus p'in the
{pQ) refz So the seprojection operati s?lxxsupm:onmmwgpqq
So tze first derivative Radon transf d 1o w 2, reprojecting, (sum)
andﬁlxabgopazwx:.mpmwo{lhaxmahodkwpon 2 k 3 T

This will subsequeatly avoid 2ny validation sicp.

2.3. Rearrangement

The aoordinacs system linked p vaxh the acquisition refercnce (p,8,1) docesn't ailow to
the into the sadon space. So before, they must be

distribuzed again into a rcgulzr spacc samplmg. The change from the acquisition coordonnates

system into the Radon space one dbya 15 P overthe circle (,6).

2.3. Shadow area

By using a circular rrajectory foc lbcsoumc.whxch is the case of this first algomhm version, the
conc beam X-ray transform X gmsan P iption of the first d RfRadon
transform, This results in astcfacts on the d function. To d these artefacls we
have to fill Rf by interpolation on the shadow arca. Several interpolation schemes were studied.
of course the axm is cventually ¢ the use of other source curves allowing the X»ray transform Xf
to comyp ibe the first derivative R'f of the Radon transform. [REZO (1990¢).

2.4. Inversion of the Radon transform
The i prompis us the calculation of the second derivative R'f of the Radon
£ This is achieved by filtering operation. That inversion operation is a 3D
backprojection one. In fact, this formula, as described before, is not conceivable for a practical
use. A 3D backprojection cperation needs too much computations which penalizes the set of the
mczhod So in order 1o optimize this scheme we chose to split up into two sums the inversion
formula [MARR (1950)).

oy =--L5.

v (=
| R (e77). 1501 0o
8% 9"% ¢o=0

%

.—_'N)a

Then we define the rebinned projection plane P‘j'( with longitude , as the plane passing through
the origin O and defined by the unit vectors with loagitude . Forca iomx B belongmg to PX,
D(B,¥) be the straight line passing through B and perpendicular to P,




Fig.4 Fig. 5
We call sebinned X-ray transform the integral @

Xt(p,B) = J M) dM
MeD{oB)

The straight hne D(B,9) being parallel for each @, the functi Xt m2y be considered as the
X-ray transform in paralle]l geometry. The reconstruction of the function f from Xf will be made
' by backprojecting the filtered rebinned projections HDXf on the Z planes as follows : (Fig. 5).
‘ 2%

oM =% . I HDXf (tp,B(q),M)) do HD is the classic 2D reconstruction filter.
o=0

€ 33 PO N

By identification with the inversion Radon p in sp we
obtain the follows relation(Fig. 6):

X
H -
HDXE (98) =-755. I aRf (on.'ﬁ’,T.’).lsinel 0

Figé

So the function HDXI is calculared by backprojecting the expression Rf".Sin® on rebinned
projections plancs. Finally we see that the use of the first derivative Radon transform and its
Inverse formula, defines a treatment equivalent to the backprojection on the Z planes of the
parallel projections, filtered by a classic 2D reconstruction filter,
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3. ALGORITHM GENERAL DIAGRAM - OPTIMISATION
The set algorithm phasis results in the following general diagram :
} SETOFMIASURDANT
& READDG A PROZECTION e
} ] RIDNDG
ﬂ WOGHTDG 1
® FLTEADG
FATERDG +
seRs © SECOND CONVOLUTION
BACKRRONECTION
LINEAR COMBINATION
Al those treatments arc vcry used in image i ing fras k. The two
the g steps are the mosx xmponam ones. They require the
largesx part of the | lotal rwonsuucuon time. For the first vcrsxons. lhc software associated to our
algorithm was two times slower than the sof! d to Feldkamp's algorithm on most
computer, Consequenty we have work to improve the mclhod set. According to the software
use, the d and have been d both on a scalar computer VAX
6300 and on a su_pcrcomputcr CRAY 2. It results in both the improvement of the general
in order to the scalar op ber, and the study of a software
structure suited to a CRAY 2 type archi ‘These develop have been achiieved for our
softwire using the Feldkamp’s method too.
4. RESULTS
In order to evaluate the achicved on the two sof! d several bench

marks resulting in a reconstruction 1 of 1283 and 2563, We give the rcsulzs before and after the
optimization.

1283 reconstructed volume from 256 projections 1282
Qur algorithm Feldkamp's algorithm
VAX 6300 5h30-3h30 2h30=->1h30
CRAY II* 12'= 1730

2563 reconstructed volume from 512 projections 2562
Our algorithm Feldkamp's algorithm
CRAY Il 3h15= 17" 2h05 - 44

* Note : that version doesn't yet use the CRAY Il multitasking processing, However, first
multitasking processing evaluations gave us a speed-up factor greater than 3 in a such a case,
whichis ap result. According to the computer type archil , we obtain a great

P atafter the

¥

At last we point out that our method may be quicker than the Feldkamp's on such computers. On
the over hand the necessary memory to execute our algorithm is around three umes greater than
the one to exccute the Feldkamp's one.
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We ined several industrial products as ic rotors to illustrate NDT applications of our :
work, We performed the foll ience to evaluate our 3D X-ray CT sysiem set 1o detect s
variation density into i We hed various dcnsuy n ceramic bits placed :
into 3 nock on the top of the rotor, In spite of the wasn't calit and achi

from two different acquxsmons, we detect 2.3 % various density, corresponding to 2,5 % binder
content variation(Fig. 7)

Fig.7
Ceramic rotor surface displays

5. CONCLUSION '

The new i hm we performed gives good computizing times p

some time better than the Fc!d\.;mps one. The exams we hieved on

‘ciomgoncms show that 3D X-ray CT supply repetitive results, allowing to detect lower variation '
ensity.
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ABSTRACT

Damage in a continuous, aligned-fiber SiC/Al metal matrix composite (MMC), eg.
fiber {racture, fiber-matrix interphase mxcrocrackmg. intea-ply matrix voids and cracks, is
exammed thh synchrotron x~ray tomographic mxcroscopy (XTM). Quantitative three-
ge are reported in as-fabricated and monotomcally

loaded SiC/AL The XTM results Jicate thati in observed
stiffness during the first few fatigue cycles of an MMC coupon cortrespond to climination of
processing-related matrix porosity and to disp! of the fibers from a somewhat

irregular arrangement into a more nearly hexagonal array. The XTM data also show that
the carbon cores of the SiC fibers begin to fail at or below 828 MPa, that is, at loads far less
than those for fracture of the entice fiber., The implications of these results and of the use
of in situ loading for fatigne damage quanufication are also discussed for
mechanical/thermal modelling.

INTRODUCTION

Prior to utilization of metal matrix composite (MMC) materials in high performance
ook afl ding is needed of what constitutes damage and of how
it nitiates and ac i ‘The damag; and fracture initiati processes in many advanced
maserial$ are microscopic and occur in the interior of the specimen. Therefore, many of the
commonly used opic and sutface monitoring techniques are relatively insensitive to
damage initiation. High resolution, high semsitivity nondestructive evaluation is required so
that internal flaws and d develop may be characterized multiple times during the
course of a deformauon/fracturc expenmem. Xe-ray temographic mlcmscopy (XTM), i.e,
extremely high ides these ch istics and is used
1 this study to quantify mechamcally-mduccd damagc in the SiC/Al MMC system; damage
in this MMCtakes the form of fiber fracture, fiber-matrix interphase microcracking, intra-ply
matrix voids and cracks. The quantity, spatial distribution and evolution of each type of
damage must be incorporated in realistic physically-based models before this class of
materials can be used safely, Acquisition and analysis of this data for monotonic loading
of the SiC/Al MMC system is discussed below.

EXPERIMENTS

The MMC material used in this study is a unidirectional, continuous-fiber SiC/Al
matrix composite fabricated by Textron Corporation in 1986, The composite faminate
contains eight plies of SCS-8 SiC fibers and a 6061-0 Al matrix. Each ply was fabricated by

Mat, Res. Soc, Symp. Pro¢. Yol. 217, 1991 Matenals Research Society
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a technique that uses a foil to support the fiber and plasma sprayed matrix material to
intain the fiber location and orientation. The SiC fibers are 142um in diameter and have
a 32um carbon core.

‘The mechanical test specimens are 152 mm x 17,8 mm x 1.5 mm coupons, with the
fibers oriented parallel to the lorgest dimension. All mechanical testing was performed in
aservo-hydraulic test frame with the fibers parallel to the Joad axis. The monotonic tension
tests were performed in foad control with a loading rate of 50 kg/s (110 I’bs/s). The
specimen elongation was monitored with 2 12 mm clip gage mounted on the lasgest face of
the speci Individual spech were ically loaded to 0, 207, 414, 621, 828,
1034, 1241 and 1448 MPa (0, 30, 60, 90, 120, 150, 180 and 210 ksi, respectively). Deviation
from linear load-displacement response occurred at 188 MPa, and failure occurred at 1448
MPa. After mechanical testing, a specimen of each condition was examined using XTM.
The specimen cross-secti ined varicd from .5 mm x 1.5 um to L5 mmx 3.0 mm
and were taken from the gage sections covered by the ex ter during mechanical '
testing. The results presented here are a subset of the monotonic tension test sequence. .

The XTM app , which is described more fully elsewhere 1,2}, is based on a
1320 x 10335 element, two-dimensional charged-coupled device (CCD) detector. Thus, data
from multiple hundred slices can be recorded si ly. The CCD d is coupled '
through a short-depth-of-field, variable magnification lens system to a single crystal
fluorescent scintillator screen of CAWO,. An optical magnification of 2.0X is used in these
experiments, yielding an effective CCD pixel size of 6.8 um (2 x 2 pixel binning). The
thermoelectrically-cooled CCD is operated in a charge integrating mode, and approximately
40,000 clectrons are accumulated in each pixel during a single exposure.

Monoct ic sy ron x-1adiation was used for XTM; alt samples described
here were studied with an x-ray energy between 20 to 22 keV . Angular increments of one
degree were used between projections, except for the 1448 MPx specimen where one-half
degree increments were used. Expocute times for each projection varied from 5 to 25
seconds depending on the beam vu .ent of the storage ring. The reconstructions were
petformed with the filtered back projection method.

The three-dimensional reconstructed volumes were used to quantify the fiber
separations, the linear absorption coefficients and the fiber surface area exposed by
microcracks. These features were evaluated as a function of deformation fevel for 151025
welb:separated slices.

RESULTS AND DISCUSSION

Typical slices from four of the ¢ight load levels studied are shown in Fig. 1. In the ;
as-fabricated condition (0 MPa), there are processing defects present in the form of voids

and microcracks. These voids and microcracks close as the foad increases due to plastic :

deformation of the matrix. The fiber arrangement in the sample is also evident in Fig. I; '
t of nearest-neighbor fiber core separations confirms this observation, Figure
2 shows the first and second nearest-neighber fiber core separations for samples which bad
been loaded to ¢ MPa and 828 MPa. The first-nearest neighbor separation bas decreased
from 236 pm to 210 pm for the 0 MPa and 828 MPa conditions, respectively. The variance
has also decreased from 1048 um? to 512 pm?, respectively. The distance between second-
nearest neighbors has also decreased after loading to 828 MPa. The average second-nearest
neighbor separations at $28 MPa, 1241 MPa and 1448 MPa are consistent with the expected
spacing for a hexagonal fiber arrang and that of 0 MPa is between the expected

e . s st PO A €

} separations for square and hexagonal arrays,
Some mictocracking in the plies, marked M in Fig. 12, can be seen adjacent to the
fibers. These micrgcracks are three-dimensional, pre-existing fabrication flaws {3}, and their
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density is higher in the outer plies. The presence of this type of fabrication flaw has a
dramatic effect on the load transfer and load carrying capability of the structure: load is
transferred from the matrix to the fiber through their common interface. .this region is
poorly bonded during fabrication, it can not form a reliable bond during mechanical
deformation. Therefore, evaluaticn of the load catrying capacity of the structure requires
characterization of the fiber surface area not in contact wath the matrix material.- In the as-
fabricated structure 2.7% of the total fiber surface area is cxposed, and Fig. 3 shows the
distabution function for exposed surface area. The distribution of cxposed fiber area for
the as-fabricated structure (0 MPa) follows a thice-parameter Weibull distribution to better
than 95% significance ( x* comparison of the observed distubution and a Weibull
distnbution, with shape paramieter § = 1.783, scale parameter § = 140 and lower limit
¥ = 37.7). After monotonic loading the number of processing flaws observed decreased to
nearly zero as a result of plastic deformation of the matrix material,

Fugure 1. Typichl slices at four of eight monotonic load levels studied. a) 0 MPa (as-
fabricated); b) 828 MPa; ¢) 1241 MPa; and d) 1448 MPa (failute).

T HEGHOOR DISTANCES NEAREST NEGHOOR DISTANCES
A D RICATED STRUCTURE MONOTONICALLY LOADED TO 120,600 il
3
4
g
200 250 R0 M0 A0 450 S0 50y w0 0 W 30 0 R
FIBER SEPARATION (sskrocteters) HBER SEPARATION (owrometers)

Figure 2. Distnbution of first- and second-nearest neighbor fiber separations for 0 MPa and
828 MPa load conditions.




‘The unloading stiffness ‘of the MMC coupons tested in this study increased with
mcreasmg load Tevel; thc observation_ of fiber rearfangement and of elimination of

with i

ted p

g load explain this effect. The change in fiber

arrangemcm results in more uniform loadmg of fibers which increases the unloading
12

stiffness. The p of p 4

porosity may hasten the onset of fiber

rearrang and may p h
processing defects might have a b
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of fiber foading; viewed in this light, the
Reduction of the volume fraction of
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porosity to a negligible level, however, probab]y does not climinate the debonded areas of
the fiber-matrix interfaces but does make this type of damage more difficult to detect.

The measured linear absorption coefficients from all samples agreed with tabulated
values within 2% and are similar to previously reported results {3). Evaluation of linear
absorption coefficients in the fiber cores in samples stressed at and above 828 MPa revealed
that the cores have fractured in 8 to 10% of all fibers over the 1.5 mm length of the sample
examined. The specimen strain at 828 MPa is 0.67%, but the average strain-to-failure of
the C cores prior to deposition of the SiC sheath is 3.1% [4]. Therefore, the average strain-
to-failure of the fiber core can not be used to predict fiber fracture. Barrows [4) reported
straini-to-fatture of 1.04% for SiC fibers with 254 mm gage-lcngths mcreasmg gage leng.hs
decreased the strain-to-failure to 0.66%.The ptotic limit 15 app of
the thickness of the SiC fiber sheath, Several investigators [4,5) noted that the failure of
$:C/C-core fivers initiates at the SiC/C intetface but did not establish the Ioad at which
initiation occurred. This indicates that fiber fracture is controlled by flaws in the C core
and/or interface layers between the SiC and C. These flaws could result from the SiC
deposition process, elastic modulus mismatch, thermal residual straiqs, et

In Fig. 4 the low absorption features have been hnghhghted with air being the darkest
and Al and SiC bemg the lightest pxxcls. Thc C core marked C i is missing over a lcngth of
40gm. Figure 5 is an SEM mi hof a fi surface showirig the core fractured and
pulled-out approximately 40um. If the cre fractures and clastically relaxes, the SiC portion
of the fiber becomes a thick-walled cylinder with flaws on the internal surface, These
internal flaws initiate fracture from the combined axial loading and Poisson contraction,
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Figure 3. Fiber surface area exposed in sciuarc micrometers for the 0 MPa and 828 MPa.
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Fracture of the overall MMC structure is controlled by fracture of the fibers. When
a fiber breaks, the load it carried mist be redistributed to the surrounding fibers, and a
significant amount of strain energy is released. Many fibers fracture in more than one
location due to the initiation of fracture in their cores; this fragmentation of the fibers,
marked F, is shown in Fig. 6. The locations of individual fiber fi are often wide-
spread and far below the fracture surface. The fracture surfaces of the SiC fiber are not
planar due to multiplc initiation sites on the inside surface of the SIC sheath. Because of
the multiple initiation sites at the C/S1C interface, fibers can shatter into multiple segments,
marked MS in Fig. 6. ‘The fibers also pull-out of the Al matrix, PO, because the matrix can
not carry the high shear 1oads required for load transfer. Figure 7 shows enlarged regions
from a cut parallel to the plies. In these images the contrast has been stretched to highlight
the carbon core pull-outs and fiber fragmentation,

MODELLING

The mechanical/thermal resp of a ite material can only be modelled
realistically after damage mmauon and accumulation phases are understood quantitatively.
From the results p d above, a preliminary model of the fiber strength distribution

could be dcveloped. ‘The model needs to account for core fracture events and their spatial
distribution along the length of unit cell fiber segments. Since load transfer to the fiber is
through the interface, the distribution of exposed surface area would be required to

(213
o

0 pm 204 pm 40 pm
Figure 4. Carbon core fracture and pull-out. (Al and S:C are white and air is black.)

]
20 pm

Figure 5. SEM micrograph of a typical SiC fiber fracture surface. The carbon core extends
about 40 um from the SiC sheath.
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determine the foad distnbution pattern on the fiber, The fiber arrangement would be used
to determine unit cell sizes (each containing one fiber and itg surrounding matrix), An
incremental load would be applied 1o the model st s the unit cell displ and

local load distributions are then caleulated and, finally, specimen stiffpess would be
determined from the applied load and summation of displacements,

SUMMARY AND FUTURE TRENDS

This work d that nondestructive XTM can g ify the three-di ional
internal damage state of MMC specimens as a function of the macroscopic deformation
level, Since XTM measures the x-ray absorption coefficients of the matesials in a structure,
the location of damage is related directly to the material/structure imtiating the flaw,

In this study, damage was identified and quantified in a $iC/A} continuous aligned.
fiber MMC for monotonic tensile loading from 0 MPa (as-fabricated) to 1448 MPa
(fracture). In the as-t‘abxicath state the principal form of damage is porosity at the fiber.

matrix interface or b dj fibers: the exposed fiber surface area appears to follow
a Weibull distribution with a mean of 164 gm?and a variance of 7252 uni®. As the applied
load is i d the pre-existing processing voids disappear and the SIC fibers change from
an arrang intermediate b a square and hexagonal array to a hexagonal array.

Figure 6. a) Slice normal to the fibers and foading axis and which containg shattered fibers,
MS, and pulled-out fibers, PO, b) Cut parallel to the fibers and plies, showing
fragmented fibers, F.

)

\;
1

Figure 7. Enlarged view of two portions of the cut in Fig 6, showing a) fiber core pull-out
and b) SiC fiber fragmentation. The low absorption features in a) and b) have
been highlighted by stretching the contrast in these images,
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This change in fiber arrangement results in more uniform loading of ail fibers in the

and appears to t for the i in structural stiffness observed during
unfoading The first indications of fiber falure were at 828 MPa (57% of the fracture
stress). Carbon core fractures appears to imtiate failure of the SiC sheath. The SiC sheath
can break at multiple locations of each fiber, and the SiC fracture surface is irregular due
to multiple initiation sites.

Future applications of XTM to damage studies in MMC will need to incorporate
region-of-interest data acquisition, in-situ evaluation of structures and sub-micrometer spatial
resolution, The region-of-interest sampling allows much larger samples to be examined, with
high resolution data being collected only from the portion of the volume containing the
feature(s) of interest. In-situ XTM wall allow dynamic evaluation of material processes such
as: crack face interaction during fatigue crack growth; damagc dcvelopment as a function
of applied load, temperature, fatigue, etc; idation during
sintering or other densification processes and liquid ﬂow panems in porous media. A
compact in situ load frame has been constructed at Georgia Tech and its use for in situ
XTM of $iC/Al MMC is anticipated in the fizst half of 1991, Region-of-interest data
collection will allow in situ loading of larger specimens while preserving spatial resolution
better than 5 pm; use of much larger specimens will eliminate concerns about edge effects
and will allow the identical volume of material to be

3
Mt

spatial resolution of XTM to the sub-mi levelis a d and wxll be
of inestimable value in interpreting fiber-matrix debonding in posites, in identifyi
interphases at fiber-matrix boundaries and in ch fzing crack face interactions during
fatigue.
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ABSTRACT

In lon Microtomography (IMT), material densities are determined
from the energy lost by ions as they pass through a specimen.  For.fine-
scale measurements with micron-size beams, mechanical stability and
précision of motion can impact the quality of the reconstruction. We
describe several preprocessing procedures used o minimize imperfect
specimen manipulation, including adjustment of the center of mass
motion in sinograms and correction for vertical translations. In
addition, the amount of noise in the reconstruction js reduced by
utilizing median (as opposed to mean) fon energy loss values for
density determinations. Furthermore, particular portions of the
sampled image can be enhanced with minimal degradation of spatial
resolution by a judicial choice of spatial filter in the reconstruction
algonthm. The benefits and limitations of these preprocessing
techniques are discussed.

INTRODUCTION

lon Microtomography (IMT), unlike x-ray computed tomography
methods, measures the energy lost by each ion rather than the fraction
of the radiation absorbed [1,2]. A number of residual ion energies,
typically 5 to 100 are measured for each sampled point. The incident
ion energy is chosen to ensure the primary source of energy loss ts due
to interactions with specimen electrons and the charged ion. The mean
or median value of the energy loss distibution is used as the energy
loss value of the sampled point. The energy loss is then converted to a
density value using tabulated electronic stopping powersf3}. A single

Mat, Res. Soc. Symp. Pris, Yol. 217. ©1991 Materials Research Society
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projection is made by scanning the-beam across the specimen, or
translating the specimen through the beam.fc--larger specimens. Afier
each projection the specimen is rotated slightly to prepare for a new
projection. " Projections are acquired until the specimen has-been
rotated through 180 or 360 degrees. The density data are then
reconstructed using a filtered backprojection technique. Multiple
reconstructed slices may then be combined to form a 3-dimensionat
density image of the specimen.

A number of parameters can affect the ultimate resolution in the
reconstructed density image. In this paper, we describe methods to
preprocess the IMT data in_order to improve the image quality. One
parameter influencing the reconstruction is acquiring erroneous data
due to ion damage in the detector. We descnbe changes made in the
energy loss-to-density conversion code to help correct this problem.
As beam sizes decrease, the accuracy and precision of the specimen
movement system become important. Small scale perturbations in
positioning alter the results so preprocessing adjustments must be
made in the data. Another parameter is using the median, rather than
the mean, residual ion energy to compute the line integrated density.
We consider the trade-offs of using the median to eliminate spurious
data but at the price of greater calculation times to evaluate. We also
discuss the effects of using different filters with the reconstruction
algorithm. Edge definition enhancement and density gradients are
sensitive to the particular filter implemented.

i
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PREPROCESSING TECHNIQUES TO CORRECT FOR MOTION ERRORS

With improvement in focusing ion beams to smaller sizes and the
accompanying increase in image resolution, staging nstabiliies which
could once have been safely ignored begin to have a large impact on
reconstruction qualty. Figure 1 shows tomographic data taken with a
0.25 micron proton beam of a 25 micron diameter glass pipette at the
Micro Analytical Research Centre (MARC) of the University of
Melbourne. Two hundred fifty-six contiguous slices were made of this
pipette. To our knowledge, this is currently the highest resolution ion
beam tomogram.

There were, however, a number of problems with this data which
required preprocessing. The top row of images in Figure 1 shows
several of the raw sinograms from the 256 slices. Each projection is
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Figure 1

Figure 2

Shogra:nsandreconsuuc:edinagsolazsmizonpbet:e. This data was
acguited at the Micro Analylical Reseasch Cenire {MARC) of tire Uriversiy of
Melb Row one i thiee raw pipetta sinograms displaying 1 0 §
fmicton bearing wobble along the edges, Row two cisplays seconstructions of
these sinograms., In row three the cenler-of-mass of each projection has
been afigned 10 tre center of sotation of the retary manipulalor. The
feconstructons of the ¢ d si are displayed i row 4.

Reconstructed images of a sificon specimen using different numbers of ions
and esther the mean or median value of the residual energy koss distriburion,
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r:adeupof?SSraystapro;ecbontaksnevetydegreeovermo
degrees.  The effect of 1 to5mmnbamgwobblemmemampula.or
rotation is seen along the edges of the sinograms. The second row of
images display the reconstructicns of the raw sinograms. Because of
the bearing wobble effect, the reconstruction code could not coffectly
reconstruct the data about any.one center of rofation. The third row of
the .figure shows the sinograms after making center of mass
correctignsfa]. in the imzge the center of mass-of each projection has
been shifted to 2 position equivalent to having the pipette perfectly
atigned at the manipulator’s center of. rotation. The founh row of
images are the reconstructions of the comected sinograms. As
resolution increases this techmque or snml!.ar technigues which
preserve comrect spot spacing will become more important in acquiring
and presenting useful data. .

MEDIAN VS MEAN ENERGY LOSS VALUES FOR DENSITY DETERMINATION

The transmitted ion energy loss at each sampled point can be
calculated with either a mean or median value The mean value is
faster computationally since the processing can be done as each ion is
detected. On the other hand, calculation of the median value is more
time consuming, but is less sensitive’to extraneous data points[S]. Fig.
2 shows reconstructed images of a silicon pillars specimen using
different numbers of fons and either the mean or median value from the
residual energy distributions. As can be seen in the figure the median
produces a less noisy image. The lmprovement in image quality using
the measured median energy loss greatly outweighs -its additional
computational expense even in large data sets.

ION DETECTOR CAUBRATION

IMT measurements are also conducted at the Sandia Microbeam
Analysis Laboratory in Livermore (SMALL)[1] collaboratively with the
Lawrence Multi-user Tandem Laboratory[6). Our data acquisition
system utilizes a silicon surface barrier detector to measure residual
ion energy. The detector is subject to damage from the ions depending
upon their energy and fluence. We raster the detector to reduce the
exposure time that the beam hits any given spot. The damage causes a
shift in the measured energy and thus produces efroneous values in the
IMT data file. 1n early reconstructions, the detector calibration was
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determined with only one energy value. The associated sinograms
reflected this shift in energy due to the detector damage. To account
for this, the energy loss-to-density conversion code was modified to
calculate individual detector calibrations for each row of IMT data.
Fig. 3 shows sinograms of a silicon specimen using 100 protons per
sampled spot. The first image shows the sinogram using one value for
the calibration. The second shows the same sinogram when a separate
calibration is computed for each projection. The third image is their
difference. The reconstruction average density increases by 0.08%
with the modified version of the code and the image noise decreases by
1.6% in standard deviation.

SPATIAL FILTERS

The choice of filter used with the backprojection algorithm can also
affect the final reconstructed image[7). Figure 4 shows four
reconstructions of the silicon pillar data. Each is reconstructed from a
data set made with 100 protons per spot using median data. The top
two images are filtered with a Hamming filter, the bottom two use a
6th order Butterworth approximation for a ramp fiter. The Hamming
filter tends to accentuate the lower frequencies in the reconstruction,
and is used for enhancing density gradients in the specimen. The
Butterworth filter amplifies the higher frequency components. This
type of filter is used in edge definition studies or for examining
machined surfaces. It is very impgriant that the experimenter is aware
of the variations a filter selection will make to his reconstruction. it
is quite possible to hide or smear the exact feature of interest if an
improper filter selection is made.

SUMMARY

The improvement in resolution of IMT systems has brought about
problems related to specimen manipulation and detector damage caused
by the resolution related increase in sampling time. This paper has
descnibed preprocessing techniques developed by the authors to solve
these problems.
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Figure 3 This figure displays the effect of ion damage to a silicon surface barrier
detector. The first image displays a sinogram of a silicon specimen acquired
using 100 ions and the median value of the residual energy loss distnbution
when one valus is chosen to calibrate the detector. The second image shows
the same sinogram when a sep libration rs compuled for each
projection. The final image is their difference.
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Figura 4 10e 0P FOW UISPAYS FeCONSITUCIEN tMAges of a SICON SPECIMEn tmiered
using a ¢ ing filter at two dilf culoff frequencies. The boltom row
displays the same data d using Butt th 6% order filters at

cutoffs corresponding to those of the top row.
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ADVANCES IN CONE-BEAM RECONSTRUCTION
FOR THE ANALYSIS OF MATERIALS

BRUCE D. SMITH
University, Dept. of Electrical & Computer Engineering, Mail Location 30, Cincinnati, OH
45221

INTRODUCTION

The utility of cone-beam tomography in the analysls of material has been
demonstrated by Feldkamp et al [i]. Recent ad in b hy will
enhance its usefulness in the analysis of material.
Review of Iiterature

lmpmvemems in the theory of cone- bum tomography was made in [2,3}. In [2] the
lled d. When b datz is coll the
vertex of the cone is moved in some fashion aboul the object, The completenes condmon
specifies whether enough information to produce an artifact-free th
reconstruction can be collected from 2 given geometry of vertices as the vertex is moved

about the object. Additionally, two novel hods were developed [2].
Further lmnrovemems followed in (3). The theory presented in {3) ehmmated the
need to form lhe ion of the b data. This made possible

improvements in efficiency in two methods in [2] and the development of a third
reconstruction method. Since {3] 1s not widely available, a derivation of these results was
published in (4).
The.scope of this paper

An abridged non-mathematical review of three novel reconstruction methods
proposed by the author will be presented in this paper. Additionally, a comparison is
made of a method, which is based upon thess (hree methods, and the method hm
proposed by Feldhamp. In section 2 the necessary th dis In

section 3 the three novel reconstruction methods are presented. Fmally. in section 4 the
results of the comparison are discussed.

BACKGROUND THEORY

New -

In cone-beam reconstruction, the Fourier transform does not play such a key role as
it does in parallel tomography. It seems the three-dimensional divergence of the cone-
beam data does not lend itself to Fourier transform theory. Rather the function F,
defined in [3} and [4), will play 2 role in cone-beam reconstruction similar to the role
played by the Fourier transform in parallel tomography, It can be directly involved in the
reconstruction process just as the Fourier lransform is involved in the °*Direct Founer

Method® as described in (5). Or it can be used as an i diate step in the d
of more efficient inversion formulas, More importantly, the function F can be used to
descnibe all the inf ion that is ined within the beam data collected from

some geometry of vertices and what information, if any, 1s missing.

A second new function has to be defined as well. As explained in {3) and (4), the
function G plays an i diate rols in puting F from the cone-beam data. By its
definition the function G is closely related to the cone-beam data. Since cone-beam data
is divergent, the function G can be thought of as somethmg divergent”, In contrast, since
the function F is closely related to the three-di 1 Radon i it can be
thought of as "something parallel’.

Mat Res Soc. Symp. Proc., Vol. 217, ©1331 Materlals Research Soclely
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A "generalized rebinning® formula that relates the function G to F is developed in {3)
and {4). This makes the ion b ing that is divergent to something
parallel, This rebinning allows all the information contained within the divergent cone-
beam data to be described in terms of * hing parallel”, namely, the function F. Since
parallet-ty hy is well und d, d ing the inf¢ i ined in the
cone-beam data in terms of the function F makes the analysis and inversion of cone-beam
data possible.

-, tan® v

It can now be d ined whether the inf ion that results from some geometry
of vertices is enough to perform an artifact-free reconstruction. The formula which
inverts F 1o obtain the object, specifies what information needs to be obtained, If for a
given geometey 1t is possible to obiain this inf ion by rebinning the function G, then
an artifact-free reconstruction can, at least in theory, be obtained using the data collected.
If for a given geometry it is not possible to obtain the information, then without using
extrapolation, it is not.possible to obtain an arufact-free reconstruction of an arbitrary
object. (There exists “special® objects that can be reconstructed without the use of

ngl reall

, ¢g., a sph y ic object, but these objects are not of practical
importance and will not be coasidered here.) Resulting from the above argument is the
following simple rule, referred to as the * dition®, which specifies whether

enough information can be measured from a given geometry to produce an artifact free
reconstruction,

If on every plane that intersects the object there lies a vertex,
then one has complete information about the object.

The “sine on the cylinder® geometry, which is gi d in {4}, is an fe of 2
geometry. A circle is an example of a geometry that is not coraplete,

THREE NOVEL RECONSTRUCTION METHODS

Knowing whether a given geometry of vertices could possible yield enough
snformation to produce an artifact free reconstruction is clearly of importance. This in
itself, however, will not invert the data, Computer algorithms for inverting cone-beam
data are clearly needed. Toward this end, thres novel exact reconstruction methods are
developed in the {3) and {4). A number of attributes are desirable of a teconstruction
method. How each of the three novel reconstruction methods fare with respect to many of
these attributes is now discussed.

Qne novel reconstruction method
The most computat:onally inefficient of the three novel cone-beam methods, since
both the functions G and F have to bs computed. It is flexible as to what data collection

geometries can be used with it. A priori information is easily incorporated for
extrapolation,

A second peconstruction method

This method is moro computationally efficient than the first, since only G needs to
be computed. 1t also may be applied to any data collection geometry,

Nird . fod

This method is exteemely computationally efficient, since neither F nor G needs to
be d. The fon §s exact if the vertex geometey intersects almost every
plane that intersects the object exactly n times. The only geometry which is know that
satisfies this condition is an infinitely long straight line,




A COMPARISON WITH A STANDARD CONE-BEM ALGORITHM

Using computer generated data, a compamon was made between the algorithm first
d by Feldk and aa «igorithm that is based upon the three methods presented.
Al(hough the grey levels near the bottom and top are low, the ruulls xndmted the
algorithm based upon (he novel hods eli: the z di
with F s , same number of ions are reqr
for both algorithms.

tead

CONCLUSION

Three novel reconstruction methods have becn discusseq along with the necessary
background theory. Using computer simulated data, 2 comparison was made between 2
standard cone-beam algorithm 2nd an algorithm which is based vpon the three novel
reoonslrucuon melhods presented herc It was seen that the novel algonthm eliminates the
z d 1 bl g and ired the same number of computer operations,
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ULTRASONIC COMPUTED TOMOGRAPHY FOR
IMAGING BONES AND ADJOINING SOFT TISSUES

C. M. SEHGAL® and J. F. GREENLEAF"
*Department of Radiology, University of Pennsyivania, Philadelphia, PA 19104
**Department of Physiology & Biophysics, Mayo Clinic, Rochester, MN 55905

INTRODUCTION
The skeletal system of bones and cartilage forms a fi rk that supports and p
soft tissues. It also provides surfaces to which Tes, lig: and tendons attach and

coordinate movement of bones. Since such musculoskeletal system serves as a “structural”
clcmcn( of the body it is easy to scc that its functional capabilities are closely related to it

ical h., C q , there have been pts to ch ize the
pmpcmes of boncs. scveral phisticated di i dures and radiographi

g ques are available for q ive purp Vinually all the available methods
are based on the measurement of mmcral content of the bone. It is well known that it 15 the
combination of the organic and the inorganic comp that d ine the gth of the

bones. Thus, in principle, the traditional methods can provide only part of the information
about the bone tissues, With this shortcoming in view an cffective case can be made for

the develoy of a technique that both the comp Many hers have
looked at ultrasonic energy to fulfill this role. The rationale for the cheice of this energy
is that ul d is a “mechanical radiation™ and its propagating properties provide a direct

of mechanical gth or related property of the medium,

Velocity of sound ission and its ion during propagation are the most
widely studied properties to characterize bones, In an carly study Anst et al, (1] reported
measurement of ultrasound velocity across fracture sites in human and experimental animals,
Since then there has been periodic activity in using sound speed to determine the strength
of bones, More recently it has been shown that sound speed can be used as an indrcator
for fragility of bone due to osteoporosis {2), and to assess the quality of bone in the human
newboms {3). It has also been observed that ultrasound velocity of bones correlates with the
performance of marathon runners {4).

ULTRASOUND FOR MONITORING BONE HEALING

One of the problems often faced during the fracture healing process is the determination
of bone stability after fracture. The radiographic technique in many cases does not provide
sufficient evidence to determine the point when the functional capacity of bone has retumed
to normal. There have been various attempts in the past to identify the union of bones by
using ultrasound.

Abendschein and Hyau (5) d ission speed of ull d through human
femoral and tibial diaphyscal cortices obtained diately after low i i

2l 4
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and showed that their'sound speed values varied with the pathology of bones. From their
they also calculated modulus of elasticity, Ey, by the following equation,

By =pc, )

where p and ¢ represent density and sound speed of the bone sample. Elastcity measurements
were also made by the static method and compared with Ey. The two parameters were found
to be linearly correlated but showed deviation from the hine of identity. This difference was
attnibuted to the fact that bones are viscoelastic and not elastic as assumed by the Equation
1. Nevertheless, the linear correlation shows that sound speed can be used as an index to
observe changes in the properties of bones. These results have provided basis for belief that
ultrasound could potentially be used for dragnosing and evaluating healing of bones after
fracture.

ONE DIMENSIONAL TECHNIQUES

One dimensional techniques are simple and easy to implement. The results from several
in vivo studics reported in the literature have been very ging. Yet the ull i
techniques have not yet been accepted in clinical medicine for routine use, One of the
prime reasons is the significant fluctuation in the measured data, This could be due to
biological variability of tissues, but also due in part to the method of measurement which in
the majority of cases is made by placing collinear transducers on the limbs. First the sites
of measurement at different, times of bone healing are not identical, Secondly, by one line
measurement it is difficult to account for the variable lengths of overlying soft tissue. This
is further complicated by the fact that the measurements are generally made in the near field
at relatively low frequencies, 20 ~ 200 kHz, at which there is significant diffraction,

To get around the problem of poor reproducibility an i ing h was p d
by Leitgeb [6). This was based on the analysis of propertics of sofl tissues around bone
fracture rather than the crack. It is well known that if fracture oceurs, in most cases, a fairly
annular hematoma is formed around the fmcmrm As the fracture heals the composition of
hcmatoma changes. In the carly stages there is i g collagen, This is followed by

of calcium. The f ion of callus can be regarded as an mdxcalor of
stability of fracture. The transformation of hematoma which is blood-like to bone-hike callus,
can in principle be used to monitor bone healing by observing the difference in echo times
from the hematoma and the bone surface. This preposition assumes that dimensions of callus
remain constant through-out the healing process. This may not be always true, Moreover,
the measurements must be taken at the same site and with the same inclination and so this
method suffers from the same limitation as the conventional methods,

ULTRASONIC CT IMAGING
The problems histed above can be significantly minimized by using d h

(CT). The application of ultrasonic encrgy to CT methods was first proposed by Greenleaf
et al. to image breast. The prototype developed for such imaging consists of a pair
of d d on an bly that moves lincarly in steps of one millimeter;
executes rotation about center axis; and can move up or drop down to scan different planes.
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The assembly is enclosed in a water tank . At each position the transducer transmits a
shock excited narrow pulse. The transmtted encrgy is received by the second collinear
transducer. The signal is received and amplified. By integrating and thresholding the signal
the transmitted energy and travel time profiles are determined. Such profiles collected from
different angles of view (60 in geaeral) are used for CT reconstruction by assuming straight
line propagation. At the imaging frequency of 3 to 5 MHz, sound truly does not travel
in straight hne and there is noticeable diffraction which leads to image artifacts. Recently,
another feature has been addcd to the CT scanner. In addmon o wansmission there is now
provision to gather reflected encrgy simull o Each of
these signals is time gain ¢ompcnsatcd and used to reconstruct a linear Bescan. The scans
obtained from all the angles of views are added to yicld 2 compound B-scan, Such averaging
of back scatter from different angles of view reduces spcck!e and provides 2 hxgh quahxy
image. Thus,’ ‘three i images of a given cross-section are d, each rep gad

property of the tissue. The attenuation images represents the energy loss due to sc:mcr and
uansfonnauql of sound energy 1o heat; the sound speed

P a of
compressnbnlnyofussucs- and, the compound B-scan 1ep amap of ic imped
h, or inhomogeneities and boundaries. With this p I technique at hand our first

aim was to d ine if this methodology can be used for reconstructing images of bones
and the soft tissue that surrounds it,

Animal bones of turkey and dog Jimbs, and cadaveric human excised limb were scanned
by suspending the tissue in the water scanncr. Examples of these images for human limb
are shown in the Figures 1 and 2,

Figure 1, Ulussonie CT image reconstrocted from attensaton daia measured 27088 3
plane of cadavenc Jog. The bright regions indicate high ateavanon and represeat bones.

In all our scans soft tissue and the skin was kept in tact. In all cases we were able
to transmit enough energy to obtain attenuation images. However, the transmitied signal
was weak and the use of threshold meirod 1o determine amival time Yead to significamly
noisy $peed image. This problem can probab); by using an altemate approach of




measuring travel time. The refraction effects that are very dominant in brcast imaging were
not observed sngmﬁcanxly in any of the studied cases. One probable cxplanauon for this is
that the Iimbs do not oﬂ'cr as strong & curvature across the beam as the breasts. The near

dicul izes the reff effects. In the back scatter image shown
m Fxgum 2 the internal structure of bones is difficult to visualize, but-the structure of soft
tissue, can be seen in great detail,

Pgure 2, Compound B scan of ancther plano of homan leg, 'Tho drk reglons represent bones.

VOLUMETRIC IMAGING

.

Two dxmcnsxonal reconstructions of the type shown in Figures 1 and 2 show information

on the shape of any particul and its rel; p to other ina given plane.
Additional information on the ships of the hkc and jts relationship to
other in the other adjacent planes is often needed. Three dimensional information

is obtained by constructing 2D images in multiple contiguous planes in the third dimension
and stacking them serially as indicated in Figure 3.

Once the data are mapped into a vol ic matrix d of cubical voxels 1t can
be numencally dissected in any plane; projected or volume rendered from different angles
of view, To see if the data collected from the ultrasonic scanner had sufficient integnty
for such a synthesis, data from 80 cross.sections were gathered by dropping the scanner in
2mm steps. The data were stacked and interpolated to obtain a volume composed of cubical
voxels. The cubical data of animal bones when dissected in orthogonal planes provxde high
resolution images [7}.
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Pigore 3. Schemancs of numencal synhesis of volumetric’ images by stacking two dimensional kmages,

bl
1
Pgure 4 Projécuon fmages constructed by pumercally tansed.ng rays through >
the fnged voume from different volomes and projecting the brghtest pixel. '
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By esing Mayo doveloped softazre ANALYZE [10), the dra from bumsa kop was
peojecied by selectiog the brightest pixe] aloog the ray traciags. The projection images of
aneszation daa from dificrent angies of view are shown iy Fige 4. The sesface display
of the s2me dzaa is shown in Figere S.

Figure 5. Sacface display of ieazed excised leg.

The markings as seen on the images represent sutures on the skin of the cadaveric limb.
Both Figures 4 and 5 show that the data collected from the ultrasonic scanner can be used
for three dimensional imaging of bones and the surrounding tissues.

MEASUREMENTS FROM VOLUMETRIC IMAGES .

After obtaining evidence in support of the hypothesis that ultrasound data can be used for
volumetric imaging our next aim was to make some measurements. Although as mentioned
carlier the sound speed images were most noisy this p is best und d. Theref
it was our first aim to make of this p er. The speed image da
was organized into volumetric matrix and the brightest pixel projected on 1o planes from
different angles of views. This procedure got rid of noisy points and provided a means of
measurements. Regions of interest were chosen by outlining bone and soft tissues in the
images synthesized from different angles of view. Measurements were made on the areas
enclozed within an outlined region. One example of such measurement is shown in Figure 6.

.
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Figeze o, Ceswxtion of soand speed measxcemert oxadc o bose. Regios of incerest was
owztned, The hisogsace of (his paeassremert is shown i3 the fight pazel. The botiom panet
shows pristont of measeoczt. The meassrements were made by esing ANALYZE software.

Excised hind Jegs of a new bom, 2 13 week puppy and an adult dog were scanned. The
preliminary measurements of soand speeds are shown in the table below.

New bom 13 Wk old puppy Adult dog
Bone 1573 (18) 1641 (17) 1790 (45)
Soft tissue 15415) 1551 (19) 1575 20)

Table 1. Meassred sound speed (mfsec) in dog bones from aweals of dufferent ages. The nombers in parenthesis represent
standard deviabon. The temp of was foom temyp i 25 degrees C de)

Though the sample size is small 1o make definitive conclusion, our initial investigation
reveals sound speed of bone 2s well as the surrounding soft tissue to increase monotonically
with age. This is i with the expectation from the relationship b tissue
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composition of bones of animals and their age. Studies of Simonct ct al. [8] showed
waler content of cortical and cancellous bones decrease with age. If one regards bone to be
2 madc up of water and a second component consisting of high speed material like minerals
or collagen the sound speed will be represented by {9),

Lalo(L L), o
where yx is the volume fraction; ¢ the sound speed and subscripts w and m representing
waters and mincral components of the tissve. A decrease in water and an increase in mineral
content (higher sound speed) as is obscrved with the age of the animal will result in higher
sound speed. This is in dance with the

CONCLUSIONS

The application of ultrasonic CT method js still in the early stages of development
Although there are several artractive features about using ull d several key questi
need 10 be further d before the technique can find application in clinical medici)
The results shown bere d that it is technologically feasible to obtain high resolution
images without using ionizing radiation. The data can bc uscd for reconstructing three
dimensional xmagesandthus thep panying single line measurements.
Further validation and quantification of d'us technique is now under progress.
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ABSTRACT

7his paper presents a new, three-dimensional (3-D) nuclear
magnetic resonance (NMR) imaging technique for spatially mapping
proton distributions in green-state cexamic composites. The
technique is based on a 3-D back-projection protocol for data
acquisitiod, and a reconstruction technique based on 3-D Radon
transform inversion. In principle, the 3-D methodology provides
higher spatial resolution of solid matexials than is possible
with conventional slice-selection protocols. The applicability
of 3-D NMR imaging has been demonstrated by mapping the organic
additive distribution (2.5 wt.%) in cold-pressed Si3Nj whisker=
reinforced Si3Ng ceramic composites. Three-dimensional X-ray
computed tomography (CT) also has been employcd for mapping
voids and inclusions within the composite specimen. Combining
information from both imaging modalities provides an extremely
powerful nondestructive evaluation tool for materials
characterization.

INTRODUCTION

process development in the mass production of high-
pexformance structural ceramics and ceramic composites requires
a detailed understanding of the macro- and micro~structural
characteristics of the ceramic materlals in relation to the
processing conditions. The origin, nature, and effect of flaws
{such as voids, cracks, inciusions, and density variations) must
be understood 1n order to ensure the continuing technological
develor t of d pr ing techniques. Nondestructive
evaluation techniques, such as nucleax magnetic resonance (NMR)
imaging and X-ray computed tomography (CT), can play a key role
in this endeavor by providing detailed diagnostic measurements
on selected specimens before, during, and aftex various
processing stages.

application of X-ray CT techniques to the study of advanced
structural materials has been under development in recent years
{1,2). The use of 3-D X-ray CT for interrogatjon of ceramic
components has been demonstrated and has quickly become an
azccepted NDE method. X-ray CT provides detalled information on
the spatial distribution of internal voids, cracks, inclusions,
and density gradients. However, heterogeneous materials are
less amenable to analysis by conventional X-ray CT techniques
because local compositional differences and density variations
cannot readily be distinguished.

NMR imaging, on the other hand, is sensitive to 1local
chemical environments in complex molecular solids. Moreover,
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the technique has the unique capability of spatially mapping a
sample's chemical or physical properties independently. Two-~
dimensional NMR imaging has proven to be an extremely versatile
tool for the chracterization of numerous solid materials (3-10),
including mapping the organic distributions in green-state
ceramics ([3-6}. However, a major difficulty in obtaining
adequate spatial resolution in the third dimension xests with
the intrinsic NMR properties, i.e., broad linewidths, that axe
characteristic of many solids.

In this paper, we describe a 3-P NMR method that is based
on a back-projection protocol in combination with image
reconstruction techniques based on 3-D Kkadon transfoxm
inversion. Similar techniques have been described previously
for imaging of liquid samples (11,12). The method incorporates
the experimental flexibility to overcome the difficulties which
are presented by broad-line materials. This method has been
applied to the analysis of specimens consisting of cold-pressed
§i3Ng-whisker-reinforced SizN4 composites. X=xay
microtomographic imaging techniques were used in combination
with NMR to provide a map of the intrinsic density of the
samples. The information obtained f£rom the two modalities
allows a complete analysis of both the organic and inorganic
distxibutions within these materials.

MATERIALS AND METHODS

The NMR imaging system used in this study consisted of a
Bruker CXP=100 NMR spectrometexr fitted with a home-built imaging
accessoxy which ls described in detail elsewhere (5). The
accessory, designed specifically for examining solid materials,
consists of a versatile home-built IBM/PC based pulse
programmex, three (X,¥,2) Techron audio range 1-kW gradient
amplifiexs, a RF shaping unit, and a home-built, singly-tuned
imaging probe capable of operating at 1-kW RE levels. The probe
also contains forced-air-cooled gradient coils capable of
operating with duty cycles in excess of 20% while producing a
highly linear magnetic field gradient of 58 G/cm over a
sphexical space of 30 mm in diameter.

In a conventional 2-D NMR back-projection tomographic
expeximent, one applies a linear magnetic field gradient in a
plane at numerous projection angles. For each angle, the
Fourier transfoxm of the data represents a planar integral of
the proton density normal to the gradient vector. Similarly, in
the 3-D back-projection experiment, by varying the gradient
vector in order to sample the entire 3-D space, one obtains a 3=
D Radon transform of the proton density. Let Rf(P) be the Radon
transform of the object function £(M), where P and M axe
di;;ctete points in the Radon and object space, respectively
(Fig. 1):

RE(P) w | £(M)dM
(OR.OM)=0 (1)

The inversion of this transform can be obtained by double
differentiation and back projection. Marr et al. [13) have
shown that the fastest way to invert the Radon transform is to
use two sets of back projections, one along the meridian planes
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and the othexr along planes of constant latitude. The inversion
can then be written as (Figure 2):

2K pdsx 2
=1 22RE 501,0,0),0,01511000¢4

4nJg=0 J4=0 Op’ (2)

where 0,9,6 are the classical parameters of spherical
coordinates, and p(M,9,4) = OM-n, where O is the origin and n is
the unit vector in the direction (6,§). The reconstruction
algorithm of the 3-D Radon transform inversion was implemented
as proposed by t and coworkers {15}.

Three-dimensional NMR Iimaging data were acquired on
specimens using 128 complex data points, and a total of 1024
projections (16 Oangles over ®»/2 radians x 64 ¢ angles over 2r

radians). & gradient strength of 35 G/cm and a sweep width of 100
kHz wexe used. A total of 128 averages were acquired by using
an approximate 90° pulse and a recycle delay time of 0.25 s. A
spectroscopic resolution of 175x x 175y x 175, um? was achieved.
A total of 18 hours was required for data acquisition using
these parameters.

egration plane

Fig. 1. Definition of 3-D Radon Fig. 2. Decomposition of integral
transform. Value of 3+~D Radon over a sphere in two series of
transform in P is the inteqral of back=projections.

points M In plane defined by OPIMP.

The 3-D X-ray microtomograph system used in these
experiments consists of a microfocus source, a image
intensifier, a CCD (5122) camera, manipulation stages (X,Y,0),
and an IBM/PC/AT compatible computer {16). Image reconstruction
was performed on a local VAX 8700 with either of two analytical
codes (Radon {15) or Feldeamp [14}). For small apertures, it
has been shown that both codes provide similar results in
reconstructed images (16). The X-ray data of the composite
specimen were acquired using X-ray source settings of 39 kV, and
0.9 mA of flux. The nurber of projections equaled 185, and 128
averages were acquired per projection. A final spatial
resolution of 124y x 124y x 124, um3 per volume element (voxel)
was achieved in the reconstructed image.
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5i3Ng-whisker-reinforced $i3Ng4 matrix composites werxe
prepared by conventional cerxamic processing techniques. Si3Ng
powder (UBE Chemical Ind. UBE~SN-E10, @), 2.5 wt.% MgO (in form
of Mg(NO3)2.6H20), and 2.5 wt.% Carbowax 400 (Union Carbide -
polyethylene glycol), were suspended in ethyl alcohol and ball-
milled for 16 h. Si3Nj whiskers 10 wt.% (UBE Chemical Ind. UBE~
SN-WB B) were added and ball milling was continued for 3 h. The
sample was pan-dried to-remove the alcohol before pressing. The
pressed specimens were stored under desiccant until the imaging
experiment. The sample chosen for examination in this work
measuxed 7 x 7 x 3 mm.

RESULTS AND DISCUSSION

Three~dimensional NMR and X-ray Aimages displayed via
surface rendering techniques are presented in Fig. 3. Surface
rendering is performed by applying a user-adjusted threshold
intensity to define a minimum intensity that is wussd to
calculate the contiguous surface. The particular threshold
chosen for the X-ray image resulted in an accurate
representation of the sample's topology. The NMR surface,
however, was reconstructed with a minimal threshold intensity
that was chosen to suppress structures having low proton density
near the sample surface. This threshold level essentially
eliminated two corners of the sample from the rendered object
(as indicated in Fig. 3a). The rxemainder of the NMR image,
however, is similar to the one acquired by X-ray, Fig. 3B.

Thin 2-D sections (or "slices"”) of the 3-D NMR and X-ray CT
reconstructed images taken from identical spatial locations
within the specimen is shown in Figure 4. Because the NMR and
X-ray signals arise from completely different mechanisms and
thus have different f£iltering functions, scaling constants,
signal=to~-noise ratios, and Iintrinsic image contrast,
quantitative image measurements must be determined for both
methods independently using known concentration and density
phantoms. Even in the absence of the necessary intensity
calibrations, qualitative indications from i{dentical geometric
positions in the images can still be discussed. For example, a
lack of intensity in X-ray image could indicate either a void or
a low density inclusion (area of high organic concentration) in
a green ceramic composite. NMR imaging would clearly
distinguish between these two possibilities, since a void will
appear as an area of low intensity while an oxganic inclusion
will appear as a high intensity indication.

Three types of localized intensity indications can be
observed in Figure 4: (a) areas of low NMR and low X-ray
intensity stemming from voids, cracks, or low-density inclusions
having little or no discernible protons; (b) areas of high
ceramic density; and {(c¢) areas of high organic concentrations.
Efforts are presently undexway to calibrate image intensities
with appropriate proton density and intrinsic density standaxds.
Dual-modality experiments performed in this manner will allow a
quantitative evaluation of flaws (voids, cracks, etc.), as well
as mapping binder and density variations throughout the green
component .

While the experimental NMR imaging times reported here are
lengthy, it should be pointed out that significant reductions in
data acquisition time can be expected for rcial P s.




Given the concentrations of binder used in commercial green-
state composites, significant increases in signal-to-noise
ratios of f£ive to seven can be expected. Aadditionally, a further
gain in sensitivity of =12 may be realized by -increasing the
magnetic field strength from 2.3 T (100 MHz) to 9.2 T (400 MHz).
These factors would account for -a time savings of nearly two
oxders of magnitude while improving the signal-to-noise ratio
throughout the image.

Figure 3. Suxface reconstxucted (A) 3-D NMR image and (B) 3-D X-ray CT
image of a green-state Si3Ng-whisker reinforced $i3Ns composite specimen.

Figure 4. Internal thin 2-D sections of 3-D (A) NMR Image and (B) X-ray
CT image of the composite specimen ashown in Fig. 3.

CONCLUSIONS

We have demonstrated the feasibllity of performing
microtomographic NMR imaging on solid materdals in three spatial
dimensions. Methods were developed which combined 3=-D dual
back-projection protocol with image reconstruction using a Radon
transform inversion technique. Using this methodology, we were
able to spatially map low-concentration (2.5 wt.%) organic
additive distributions in green-state SizNg-whisker reinforced
Si3Ng ceramic composites. Additionally, intrinsic density
variations were determined via 3~D X-ray microtomography. The
results obtained from both methods are complementary and thus
provide the necessary information to distinguish flaws stemming
from volds, areas of high ceramic content, and areas of high
organic concentration in these samples.
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ABSTRACT

We have applied MR Imaging and'X_Ray Computerized Tomography to the
study of the structural pxoperties of rocks. Samples from 'different porous
xocks ; sandstones, granites, limestones have heen successively examined by
both techniques. NMR {mages have been obtained on water saturated samples. The
spatial distribution of 1{quid indicates the effective porosity., By constrast,
X _Ray images display the mineral content of rocks. Standard tomographs do not
have the required resolution to see pores smaller than 100 pm. We used water
as a constrast agent to localize porosities by “differential* CT. Conmparative
results are shown.

1. INTRODUCTION

The presence and migration of water in rocks play an fmportant xole in
the selection of a safe site for the disposal of hazardous chemical or nuclear
waste materfals [1). A good description of the rock hosting the waste is
needed, since an adequate computer modeking of the site {s hoped, One fmportant
protlen is the characterization of heterogeneitfes in porous nedia, vhich may
largely influence their hydrogeological properties ; for {nstance the hydraulic

ductivity and p bility {2]. In stratified oxr fractured rocks, more
generally in porous media presenting a large distribution of pore sizes, the
variations of petrophysical properties are defined on characteristic lengths
scale nuch larger than the microscopic length scales, as obtalned by the flow
velocity oxr the flow of electric current in an homogeneously connected pore
network. For example, in a xock formed of parallel strata of different
permeabilities, the length and the width of strata become the two
characteristic lengths. Othexvise, near the percolatfion thresheld, the
trajectory of fluids through a sealed pore network become very complex and
tortuous leading to a coxrelation length much larger than the microscopic

* Work supported by 'Agence Nationale des Déchets Radiocactifs
(ANDRA), a subsidiary of Cosmissariat & 1’Energle Atomique (CEA)
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lengths, 1.e. the poxes.or grains sizes. Finally, dispersfon of tracers and
pollutants depend sharply on the characteristic sizes and amplitude of
heterogenelties which must be considered in the computer modeling of the site.

We have attempted to character{ze these large scale heterogeneities using
tomographic methods,

2. METHODS
2,1. X_Ray computerized tomogxaphy

CT s now extensively used in the Non Destructive Testing of materials
{3}, and only recently X _Ray med{cal scanners have been diverted from their
primary clinical obfective to the characterizacion of xocks {4]. For
petrophysical studies their spatial resolution is not high enough (typically
1 mz) and we took the opportunity to use a tomograph specially des{gned for NOT
and developed by a Joint team LET! and INYERCONTROLE (typical spatial
resolution 100 um, and density resolution 107), commercially availadle.

CT principles axe well known and based on the absorption of X_Rays. Under
well defined circumstances, a densfty map of a slice of the object can be
obtained.

Experimental setup

The X_Ray photons orfginate from at 420 kV X_Ray tube (PANTAK/HF 200).
Flrst the X _Ray bean is collimated in a flat fan beam geometry with a 15°
aperture angle and 2 pm hefght av the detector Inlet. This bean is further
separated {nto 31 coxds having a bean width of 0.4 nm. Each coxd is associated
with a BGO detector which presents numerous advantages over Xe gas detectors
£5}. The object (here a rxock core) s Installed on a positioning device and can
be displaced in rotations of 14.4* angular and 200 um translations steps,
providing 775 projections in less than 10 aminutes, Positloning, signal
multiplexing data processing and graphical display (SEIKO hard copy) are
controlled in real time by a uVAX computer.

Experimental procedure

Samples were simply implemented on a vertfcal shaft allowing the 3D {mage
reconstruction of £issures within the cores. Most of the sasples had max 6.2 ¢n
diameter, and therefore the tube was operated at 300 kV and 3 mA, In order to
reduce the beam hardening artefact, 3 ma Cu filters were used, Total
acquisition time including image reconstruction was roughly 6 ains.

For differential tomography, the procedurs is straightforward. The sasple
is first examined fn the dry state within a low absorbing beaker. The sample
was then allowed to wet within ! hour. After removal of water, the sample kept
at the same place, is reexamined,

2.2, MR Imszing

At present, the major applicatfon of NMR imaging fs in nmedical and
blological sciences, where it provides spatial images of tissues and organs
with valuable anatomfcal detafls. However, applications in other areas have
also been demonstrated fn material sciences. For fnstance, NMR Isaging of
porous systems began in 1979 when GCusmerson et al 6] used this technique to
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study unsatirated water flov in building materials, NMR Images of water within
porous rocks. {7} and composites.materlals {8} and of protons in ceramics [9}
were also reported, More recently, most advanced MRI techniques were introduced
into the £ield of core analysis.by a joint team Shell-oil company and General
Electric {10, 11j.

In the present study.we use low field {magers (0.1 T and 0.13 T), and
show that despite the sensitiVity loss, useful informatfons can be obtained.

Experimental setup

First attempts wexe tried out on a 4.7 T machine, where most of the
available hardware has been designed for imaging studies of molecules in the
1{quid state with Ty and T, relaxation times of the order of 100 ms. Usually,
typlcal pulse sequence operate on this time scale. Moreover the shortest echo
time is iimited by the time requixed for the settling of the encoding gradients
(2 6 ms).

At 4.7 T, T; times were neasured by spin echo and found to range betveen
1 and 3.5 ms in water saturated samples. T, times were measured by inversion
recovery between 0.4 and 0.5 s.

In a standaxd spin echo sequence, the signal intensity in each pixel is
given by

I =Xyt = exp (= Ty/Ty) « exp (= T,/Ty)

where I, {s the maxfmus amplitude after a 90 pulse, T, the repetition time and
T, the spin echo time. Several strategles can be adopted to enhance echo
signal 1 1 (1) use a solid state NMR machine, with special pulse narrowing
sequence [12}, (2) use 3D back projection without slice selection [this
conference Botto, Rizo}, (3) construct a shiclded {11} or at least a reduced
size gradient system, (4) increase T, by raising the temperature, taking
another proton rich liquid or working at lower magunetic field., The latter was
chosen as low fleld machines wexe available to us at LYON (B, ~ .13 1) and
ORSAY (0.} T), Indeed, T; were considerably longer at low field jumping from
1 to 3.5 ns to 20 to 50 ms. Ty values decrease as expected with B, power 0.24.
The often ment{oned explanation is that magnetic {mpureties or susceptibility
changes at pore boundaries generate large local gradlent flelds. 1t s
{nteresting to note that no T, lengthening of time was obtained replacing water
by cyclohexane which has the same viscosity but is less polar.

Experinental procedure

The saturation was done as follows i the sample was placed inside a
dessfcator, first evacuated with a vacuum pump. Then, water was alloved to
inmerse the sample. The pusping above water level was repeated untfl the weight
became almost constant.

T, was chosen as short as compatible with the gradient switching time.
T; was chosen long enough for the magnetization to recover a sizeable amount
and short enough to reduce the total imaging time. Machines parameters were
optinized performing 1D-FT. The acquisition parameters are listed in table I.
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Magpet - 0.13 T 0.1T
Method ID-FT 3D-FT

2ition tize Tr-1s Tr =043
£eko time Te = 25 =s Te =7 us
Nunber of acquisitions Kacq = 28 Bacy = 4
Total acquisition time £0 =in 55 pin
Bwmduidth af - 10 kiiz Af = 20 iz
_.‘;.lce - e=5mm e = 6 = (16 slices)

Table I - Parameters used for water XMR inmagicg

3. RESULTS ASD DISCUSSIONS

Two exazples have been selected to {1lustrate the differext propertics
of the two imaging techniques.

3.1. 2 anft:

Figure 1 shows a typical wvater image obtained at 0.1 T (see table I for
acquisition parazeters) witbout slice selection. This corresponds to a
projection of 31l the protons on the plane where the two rezaining encoding
gradlents are appl{ed. The rectangle seen at. the botfroz corresponds to a
mofstered supporting synthetic foan spacer. The distridbution of water is far
fron being hosogenous as the CT image would suggest, This finding is a proof
that this granite suffered an intense hydrotherzal activity favourable to the
deposit of valuable minerals (Uraniua) but perhaps not for the containzent of
waste.

Figure 2 shows the correspording slice obtained by CT. The resolution is
higher. Bright spots say indizate high density minerals deposit (Fe oxides,
etc...). -~

3.2. Stxstified porous limestone

Figure 3 shows a MR cross sectfon of a porous limestone (porosity 15 %)
pexforzed at 0.13 T. Stratification is clearly resolved on this picture (see
table I).

Figurc 4 shovs a difirerential CT {mage obtained following the procedure
discribed above. Provided the object has not moved, the {mage is generated on
a pixel to pixel substrstion basfs. Here, statistical noise and tomograph
stability are the major c ncerns. Thereaftir the Integration was lengthened up
to 20 nins, The X Ray tu e operated at .aximuz anode current (7 mA) and the
copper: filter resoved,

4. CONCIUSTONS

MR gives a better wa*ir contrasy than Jdifferential CT in a cozparable
acquisition tize (30 min).




173

Figure 1 : ¥ater iz=age fn granite Figure 2 : CT icage of granite
at .1 T {effective porosity : 5 %) {saze cross secticn as fig. 1)

Figure 3 : ¥ater image in lizestone Figure 4 : Differentfel CT image
at .13 T {effective porosity : 15 %) of limestone (saze cross section
as figure 3)




Convensional 23FT sad 30FT s'%ln echo RR Izaging can be perforaed on
rocks at low magnetic field strengzhs. This modality enables the obzesvation
of the cornected pore network, in a full 3D representazfon.

Relaxazfon :lu: Ty and Tz as 3 funczion of field (relm:ry) could be
used a5 & varker of the cheafcal and physical protons emvi it
{s {zportant to nmotice that more dita are needed for a clearcut interpretacion
of the observed values.

Bew RR teckniques Introduced in medical imaging (flow and diffusion
{zaging) could be, L{f adapted, proffitadly used.

CT is , strafghtfe kafque to visuslize rocks due to the case of
impl ively to N¥R. It gives higher spatial resolution in a
ghm time (less than 10 nin).

For permeability studfes, we suggest differential CT. If the fluid
afzratfon s slow efough (1 or 2 days). the progression of fluid could be
monitored. For this purpose, an hydraulic press could be installed on the
tezograph, provided that fts absorption fs not too high.

REFERERCES

{1] FAUSSAT A., L3 technique moderpe, 21-25 (oct 1989).

{2] OCER L., GAUTHIER C., HULIN J.P. and CUYON E., Entrople n® 152, 29-42
{1989)

I3 Proceedings of the Industrial Compurerized Tosography Topical,
July 25-27, 1989, Seattle, published by the Aserfcan Socfety for
Nondestructive Testing, Inc. (Colusbus, OH 43228).

[4] FABRE D., MAZEROLLE F. and REYNAUD S., Rocks at great depth, 1989,
published by Balkesma, Rotterdan (15BN 905191 9754) 297-304.

{S] OCLASSER F., THOMAS C., GACELIN J.J. and.CUZIN M., Proceedings of the
Industrial Cozputerized Tozography Topical.

[6) GULMMERSON R.J., HALL €., HOFF W.D., HAWKES, R. HOLIAND G.N, and
MOORE W.S,, Nature, 281,56 {1979)

17) GUILLOT G., TROKINER A., DARASSE L. and SAINT JAIMES H., J. Phys. D.
Applied Physfcs 22, 1546-1549 (1989)

[£3] ROTHWELL W.P., HOLECEY:D.R. and KERSHAV J. A., J. polymer Sci. Polyn Lett
Ed 22, 241 (1984)

19)  GARRIDO L., ACKERMAN J.L. and ELLICSON W.A., J. of Magnetic Resomnce.
Vol. 88, 340-353 (1990)

f10) VINEGAR H.J., TUTUNJAN P.M., EDYLSTEIN W.A, and ROEMER P.B.,
Society of petroleun engineers journal (oct 1939)

f11] EDELSTEIN W.A., VINEGAR H.J., TUTWUAN P.N., ROEMER P.B. and
MULLER O.H., SPE 18272, 101-111 (1988)

112) MILLER J.B., GARROVAY A.N, J. of magnetlc resonance, Vol, 82, 529-538
(1969)




PART V

Neutron and Protons

e




THE STUDY OF MATERIALS USING . VAVELET IMACGE PROCESSING
TECHNIQUES

L. BELTRAN-DEL-RIO, A. GOMEZ AND M. JOSE-YACAMAN

Instituto de Fisica, Universidad Nacional Auténoma de Méxtico.
Méxdco D.F.01000, P.O. Box 20-364.

ABSTRACT

In this work the wavelet transform is used to process
bigh- and medium resclution electron micrographs from small
particles and their substrates. It is concluded that the edge
sensitivity of the technique and its contrast enhancement
capabilities are most useful in the processing of electron

The wavelet transfora, introduced by Morlet (1) for
seisaic signal analysis can be defined as

0
wCs,waf £007 s plesCxowd dx [
-0

wvhere ¥ stands for the transform, f is the function C”image™
or “signal®™) to be analyzed, s and u are real parameters
Csxd), and ¥ is an auxiliary function to perform the analysis
Cthe so-called “wavelet).

The wavelet must satisfy the admissibility condition

© .

2
flet2ly, ¢ o &5
o {w}

where ; stands for the Fourier transform of y. In most cases
the admissibility condition is equivalent to requiring that

L4
Jwo dx=0 ($-5]
@®

The wavelet transform can be written as a convolution
product

¥ECs, DOl B 10w ca

where ;.Cx)- Y s w-s0.
In reciprocal space the transform can be written taking
the Fourier transform of equation 4

Wes, 0 =T cs ™y o

All these concepts can be extended to two dimensions, in
the present work all the transforms are bi-dimensional. The

Mat. Res. Soc. Symp. Proc. Vol 217, €1991 Materlals Resesrch Society
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wavelet used is the so-called Mexican hat Cof course!d as
described by Daubechies (2],

A mathematical microscope

From equation 4 it can be seen that the transform acts as
if one were to form an image of the “object™ £(x> with a

microscope with point spread function ;:. The various v,
correspond, then, to microscopes of different resolutions. The
transforms of ;: can be likened to a transfer function. In this
way it can be seen that if ¥, is very localized Chigh
resolution) then the transform will be similar to the original
function f. If ;: i3, on the other band, very spread out, then
the transform will resemble the wavelet itself.

¥avelets as filters

From equation S it can be appreciated that the wavelet
transformation is a filter whose passing band can be selected
with the parameter s. It can be shown that the center of the
passirg band of the filter and the bandwidth are both
proportional to s.

Edge ephancement

The wavelet transform is ideally suited to the purpose of
detecting intensity gradients in any direction, enhancing
peaks, borderlines, edges, even 1lines suggested by aligned
peaks. In addition the wavelet transform can be used to
perform a simple contrast enhancement that can emphasize
details of {nterest.

TRANSFORMS OF MICROGRAPHS

In order to illustrate the main features of the wavelet
transform we show in figures i1-a to 1-e an image of
CoMoSzhoxagonal domains. The unprocessed image C1-ad) was

transformed with a narrow wavelet producing an image C1-b) very
nearly undistinguishable from the original . Subsequent

figures Cl-c to 1-e> show the effect of increasingly larger

wavelets yielding images in which the resolution diminishes.

But in the case of fig. 1-c, the new resolution seems to
coincide with the different distances related to the hexagonal

structure.

In figure 2 the edge detection features are illustrated
with a synthetic image. In fig. 2-a the unprocessed object can
be seen to consist of circular peaks forming a circular
partcle and, ch ing the adequate wavelet, in fig. 2-b it can
be appreciated how the edges of the small .circles are
surrounded by a double contrast line.

In some instances the transform can be used to focus the
attention on the particle as a whole rather than on its




£igl a) Original, un rocessed, image of CoMos, catal st.
b) “Image transtormealaasn s véry thin waveiech SREAlY

digitalization process fails to yield a null amage,
anstead presents the origanal imaqe.

B i

£ig.1c) Transformed image £ig.1d} Transformed image
with se37. with sw26,

fig.le) Transformed image with s=21.
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fig.2a Synthetic object
composed of circular peaks.

fig.3a) Synthetic object with

small "atoms”.
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£ig.2b) Same object, but
transformed with s=37. The
emphasis on the edges is
to be notiged.

£ig.3b) Same object, but
transformed with s=18, The
particle's edge is to be
noticed.
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£ig.4b Same image processed with appertures in the
reciprocal space, on the lattice peaks, Best
threshold posible, 30%.

187




Sty vt~

detalls as shown in fig. 3 in which an unprocessed image (3-a>
wzs transformed with a broad wavelet (3-b) so the atomic
details are lost but the overall shape and extension of the
cluster are now apparent.

WAVELET TRANSFORM ANALYSIS OF BOUNDARIES

In the image Cfig. 1-a), in which a net of hexagonal
domaips is appsrent, by applying a simple threshold the
domains can be seen more clearly and can be extracted for
further analysis(fig.4-ad.

The boundary domsing correspond to antiphase boundaries
and, probably, to some chemical disorder induced by the cobalt
impurity. For the sake of comparison we show in fig. 4~b the
result of processing the same ‘image using standard Fourier
techniques., As 1t can be seen, the processing introduces
unwanted distortions.in the shape of the domains. This shows
how the wavelet transform can be a most powerful technique.
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NEUTRON TOMOGRAPHY: A SURVEY
AND SOME RECENT APPLICATIONS

E. A. RHODES', J. A. MORMAN', AND G. C. McCLELLAN"

gonne National Lat 'y, 9700 S. Cass Ave., Argonne, IL 60439
“Argonne-West, P. 0. Box 2528, Idaho Falls, ID 83403-2528
ABSTRACT

A survey is gven of recent developments in lected areas of 4
tomography, within the context of several appl Arg is involved in,
including hi tration of tor-fuel bundl mthxck tai; (i

igh p lvi
TREAT and NRAD facihties), dual.energy hydrog ging (performed at IPNS),
d; i Tuti ission fomography of reactor fuel under test (a
proposed modification to the TREAT. hod pe), and an iated-particle system
that uses neutron flight-time to electroni lly collimate ¢ d and to
tomographically image nuchdes identified by reaction gamma-rays.

INTRODUCTION

Unhke ys, neut. t ted through materials react with nuclsi
rather than electrons, Neutrons can deeply penctrate many materials (allowsng
tomographic radiography of thick objects), t ission ¢r tions often

vary strongly with energy and nuchde (nelding “fingerprints™ for various nuclides),
and neutron reactions often occur that produce gamma.rays having distinct spectra
(giving wide-range identification of spearfic nuchdes). Neut provide a uniquely
useful di; tic probe for characterization of materials, and les are given
that illustrate these properties.

¥

Traditionall t phy 18 performed at a reactor using film

of thermalneutron t i at many ori ions, followed by
microdensitometer film scans and computer reconstruction from projections
However many aspects of neutron t phy are changi Within the coatext of
some applicati Arg is involved in, a survey 1s given of related recent
developments in source, detection, data quimtion, and p truction
technologies that are making neutron & graphy more ble, in the sense of
new applications, less i vand more transportable equipment, and faster

The A pplications focus on penetration of thick objects and
comprehensive materials identification. Minimization of measurement times is
more smportant than high spatial resolution in most of the applications discussed,
and medum to low (mm to em) spatial resolution is adequate in most cases.

EPITHERMAL RADIOGRAPHY OF REACTOR FUEL

At the TREAT (Transient Reactor Test facility) reactor at Argonne.-West,
prototypic reactor fuel assemblies heated by fission inside capsules or coolant loops
are dnven to destruction by transient overpower and/or coolant flow coastdown

ditions designed to simulate HCDA% (Hypothetical Core Disruptive Accidents).
During the actual test, a fast-neutron hod pe d; ically records a 2D image of
the fuel as st melts and relocates {1}, For lysis of HCDA jons and

consequences, it is also important to the final distributio “of fuel, clad,
and coolant and determi tallurgical material ch The standard techni
for this is laborious remote postetest destructive ination of the jrradiated

assembly at HFEF (Hot Fuel Examination Facibty) at Argonne-West, where
transverse sections are cut, polished, and studied macroscopically  and
microscopically.

Mat. Ros. Soc Symp. Proc, Vol. 217, ©1591 Materlals Research Soclety
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Neutron tomogrsphy is now being developed to complement post-test

by ding a guide to locate optimal sectioning positions
and reduce the number of section cuts necessary, as well as by yielding many more
transverse section inages than possible with destructive sectioning. The goal is to

ide more L “and quantitative post-test matertal distributions. The
test fuel has a high gamma-ray radiation level that fogs direct X-ray or neutron-
sensitive films, so the i process” of neut ion of foils is uséd, with
b actinty fer to film. The high-density test fuel strongly absorbs

thermal neutrons. Also, in order to preserve the distnibution of matenals, in some
cases the test fuel is rad phed prior to d bly from an outer (xgxostly steel)
container ~ 15 mm thick. Thus epith 1 d i d

L3 (- 3 1

The neutivn radiographs are produced at the north beam tube of the NRAD
250 kW TRIGA reactor at HFEF [2). The tube extends from the core face to obtain
hard ing many epithermal neutrons. I/D ratios of
185 300, and 700 are available, for radlographs up to 43 cm x 36 cm in size. The
radxographmg process is illustrated in Fig, 1. A’fuel-pin bundle is suspended on a
precision rotator for the many views req\m'ed At each vxew a packet of foxls
wradiated for 30-60 min, a cadmium fol in front to att
and an indium i foil to pture epithermal neut at the 1.45 ¢V indium
resonance. The indium foils are removed and placed in contact with photographic
ﬁlm (usually type 'l') Aft.er the decaymng mdxum exposes the films, they are

ped and then don a

A computer program aligns each view image and cahbrates the density from a
step wedge image in each view, Then a & Cross.
section 18 reconstructed for éach desired clevation, As an illustration of the
penetration and imaging capability of indium resonance tomography, Fig. 2 shows a
reconstructed cross-section of a 91.pin EBR.H fuel bundle using only 36 views [3).
Each pin is U metal 368 mm in diameter. Spiral spacer wires are also evident.
The image has been high-pass filtered and clipped.

Shown in Fig, 3 are a series of transverse reconstructions of the remains of
an assembly containing seven mixed Pu-U oxide fuel pins after TREAT test LOY,
compared to cut and polished sections at the same elevati 4.
views were used and the densitometer aperture was set at 0.1 mm hoi uontally and
02 mm vemcally ’I‘he 7 ongmally mtact fuel pins are 584 mm in diameter and

din a t by grid spacers msxde the
26-mm diameter fluted tube. Unfortunately the transverse reconstructions in Fig. 3
are from pseudocolor images and cannot be compared easily in density to the cut
section images, in which steel is light-shaded and fuel and voids are dark, but the
spatial details are similar, (in some cases material present during radxogra hy has
been lost durmg destructwe examination).  Not shown are usef\xg axial
d by king the tr reconstructions and slicing

through them computationally, providing length-wise views of the test pins.

At the present stage of development, the tructions identufy relocated-fuel
and steel, flow tube blockages, and pin d t, but do not rehably distinguish
between fuel and stes] in very m-egular geomemes or where fuel porosity changes
substantially and provide httle information oz cladding condition. To go further
into quantitative analysis of materials distributions and to separate boundary
features of hex cans, grid spacers, porous fuel, and cladding, improved spatial and

density resolution are required. ~This will itate higher resolution film
digitization, which will increase the already long 3 ﬁlms/day microdensitometer
scanming tumes.  H modern  di are that can scan a

radiograph in 30 s with sufficlent spatial and density resolution, and there are
plans to buy one. Possibly many more that the present 76 views will be needed,
leading to much longer reactor operation. Around an hour wll be required for
each radiograph, due to low indum foil activation, and 2 to 5 radiographs will be
needed for each view to cover the test-fuel length.
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Pekaps a tooogapkic alpwith=a be foc=d thet will provide good
maﬂmmﬁémm Tbec::n:dy;edc

fered backproecicn allows ooick calslatva Bt requives trialasdesror
m O'.bcl::ma.qz::‘-_:sxezmaﬂethcc;vbc:ﬂétz;

Z T "a::mg&btnls,s).
Nogk: oS ‘,M 3 ey

n&aW(ﬂm&ml’L:ﬁmW@)ﬁlm

views vy a = c sonEsezr metbods ave less
sasceptidle to poise 203 are less praoe to image astifacts, but segire intensive
iterative computaticns 3 jve of ime asd

In multipleesergy ph 3 lides are i d or their
images are enhanced w:gthdﬂmmmmmwﬂh
Deatron esergy of the nuclid by either ’ hic iszages or
bypxodm_gnwrddxmmdradmyaphsatdhwtmmm
often by duricg oze
exposure. Uscofapulsed ] andadn-e 1 detectors time-gated to
the beam allows lezts ofdmnd t Zies by flight-tize

t. In this hy kas been perforrmed at the

NIST electron linac from 1 to 40 eV [9)] 224 at ‘the Argonne 1PNS (Intense Pulsed
Neutron Source) from 0.3 to 10 €V [10L in which separate x:uges are fomed at
dmdrmnamemgﬂawbmdmcamsuong

for nuclides of interest {: rare earths, and fission pmduds for Z > 40, at
thess enesgies). Images of each nuclxde are unfolded from the

Another technique is dual gy hydrogen i ing, in which the increase in
hydrogen neutron cross-section at subth \ g u used to enhance
the i 1ma~xng of small axnounts of hydrogen against a bad d of other absorbi:
vzraphi ma"e btained for higher energy neutrons
from that obtained for obtb 1 icki such that the other
absorbing materials have nearly the same cross-sections at both energies). This
technique was used to provide dual-energy imaging of water in tuffaceous rock {11,
with the goal being to txack waur flow through porous rock for site risk analysis of
1 of A feasibilit was conducted at the
lP’\S facihty with coarse spatial Iution, collectin t at 15 and 85 meV
in a scanned *He detector. The setup is ‘shown in Fig. 4. At IPNS, 30 intense
pulses of 500 MeV protons per second strike a U target, whem spallauon produces
fast neutrons that are derated to low gies are
simultaneously selected by measuring moderator ﬂnght time.

Measurements were taken at 4 scan positions for 3 views of a tuff  aple
that was 7 cm in diameter, as sketched in Fig. 5. Thc crack ahown cont.. aed
water, particularly at the outer rim. C were
performed usming the convolution algorithm The image obtained by subtracting the
reconstruction at 85 meV from that at 15 meV is shown in Fig 6. 'l'he darker
regions indicate the strongest absorphon and are tent wi
of water (the sample 1n Fig. 6 is rotated from the sketch in Fig. 5) Absorptwn
differences due to rock boundanes, ie the sample rim and the crack (except for
water), are nearly inwisible, so that a clean enhanced 1mage of water 18 obtained
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Fig. 4. IPNS setup for dual-energy imaging of water n tuff,
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Fig. 5. Approximate sketch of tuff cross-section
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Fig. 6. Subtractive dual-energy reconstruction of tuff tion (rotated from
sketch in Fig. )

a

— e w




SOME RECENT HARD'?ARE DEVELOPMENTS

Pmthdmkrémmhnndbmexun-emdmﬁoa
tomozraphy. In the pcsefﬂrymrelauwlyhxghmol-bonadmzn('wo-
dm)mmmmm developed that are efficient for

tbe—.'nl:::dep-.‘.bnuzl Wi inclede a Sem x 5 e
1 ter of I-mz Juti g a Ligh-pressure gas

mixture [12), asd a 22 d A..zcr""'mot?/mm

based on a glass scintillater optaﬁlly mplcdby Jight guide to 19 dose-packed

photomultiphers {131

The most prevalent detectors use a 2D image intensifier of some type, the
simplest being a ZaS (or other) screen of arbitrary size viewed through a
lens by a low-lightlevel TV camera containing an intensifier (141 One image
iotensifier tube has a 23-c;y diameter Gd,0,S converter screen and electrodes that
focus the electrons onto a scintillation screen that is viewed by a TV camera [15)
A t!urd type of inlensified detector is a Lmscvpe fronted by a 5-m dxame’.tr

nsitive scintdllator, with fibre optics, a p thode, and a
plate. The cutput can be either a phosphor screen for TV camierz viewing {16] or a
tive anode for el z (12] Inotensified detectors are capable of

resolutisns from around 50 to 500 microns, depending on detection area.

The avaxlabxlxty of these detectors has aided devel t of new

d pp I:, 2D graphy has become ible for large
(reactor) and medi ) with ions in fluid flow
[17) and mechanical mohon (18} although Lhe xmaees tend to be somewhat noisy
and lution and are ly lower than attainable in static
neutron radiography, useful mohon is observed. For small ("’Cf 2nd deuteron-on-
tritium, or D/T, 2D
have been built for apphq;hons such as aircraft inspection [19).  Intense
transportable sources are bemg developcd mcludmg a }ugh-autput DIT generator
{20] and accelerators based o of Be by p or , such as
a superconducting cyclotron l2l] and small rf linacs {22).

These Deutron detector and source deu.opments lead one to contcmplahe the

tial for d 3D (th Key fe of

any system capable cf this “ould be lhe use of efficient 2D detectors, the
attainment of 2D and depth and 24 and
detectors. Coded apertures (for emission, or aut: di phy), such as any of &
number of arrapgements of multipl> pinholes or a Fresnel zone plate, aud
ed (for ¢t phy) come to mind, since

they cast shadows on the detectors that vary in size  with distance of ob;ect-s from
the detector and that can be decoded to yxeld depth nformation. Hov\ewr they
have rot been ful for phy when a sub ber of
voxels is desired in the 3D image, b of neut ion of and teri
1 the structure of the coded aperture or source and resulting low contrast and
image artifacts

Another possibility might be a ster P of and detect
Although this would allow determnation of the order in depth of well-separated
objects, little detailed depth resoluuon would result. The use of sunultaneous views
around the object to be d, with a /d tion for each
view, would be more hkely to pmvxde ful d 3D , but much
hardware would be 1nvolved unless a small number of views wall yu.ld adequate 3D
resolution As an example of a system for dynamic 3D neutr.n tomography, a
tomographic fast-neutron has been proposed that is based on a reactor source and
massively parallcl arrays of detectors; this concept evolved from the present 2D
TREAT hodoscope mentioned earlier.
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B!mtwaandphnumoﬂhemlmrmemmdmmm
Pig.? It provices dynamic 2D
exitted bym‘-’celxaanpmlecrlwpatthecm&eroﬂbemEAdeorcre,
using timereseived realouts of a 2D delector array. Test fuel is drives to
destruction during a reactor tracsient, in order to simulate a0 HCDA, aod tke
hodoscope captures the resulting fuel motion for later analysis. The test fuel is
hewedlhrwgb lzrgest«leolhmw which containg 360 chancels, 26 roxs x 10
ase located behind each channel, ard al detectors
mdmtmpmﬂelwawmpumda‘aaeqummnm Thissystm

lution, rather than spatial resclution, as required by the
expcnmen!s. the data coll~ction interval is (.3 ms to several ms ard interchannel
spacing at the test plare is 5.6 mm horizontally and 34.5 mm vertically.

There was a desire to previde depth Tuti posed future STF

(Safety Test Pau}xty) tests of lzrge fuel bundles. The possﬂ:le arrangements

hy, two 2D hodoscopes at

90 deg or lhme at 120 deg. are xllustrated in Fig, 8. It was found in a study of

p B! T and [23] that- a wbstan.xal amount of

tomographic resol could be ined using sp uction methods
for 2 and 3 views.

ASSOCIATED-PARTICLE TOMOGRAPHY

Recently Argonne has been mvo]ved with the jated il
method ap P ti- tool. In this method a specxal Dfl‘
i an alpha-p ticle detcdtor irradiates the object of interest with
14-MeV neutrons. As shown in the schematic layout in F.= 9, deuterons are

aooelerakd into a tritium target, prod 14-MeV t lly. Each
is panied by an iated alpha particle travelling i the opposite
directi The and detectors are time-gated by pulses from the

alpha detector, which forms a cone of fhight-time-correlated neutrons througlh the
object.  Detector pulses are time.resolved by CFD's (can.stanbfractxan dxscnm
inators). Flight times are determined by TACs (time-t

digitized by an ADC (analog-to-digital converter), and recorded When a reaction
occurs in the object along the cone that results 1n a detected gamma-ray, the time-
delay from the alpha pulse yields the position (depth) along the cone where the
reaction occurred, since the source neutron and gamma-ray speeds are known. By
scanmng the alpha dewctor honzontally and vertically (or by using a 2D position-
p alpha ), and depth ooordmates of reaction

3D emi i of

sites can be mapp g g
lses from lhe gamma deeectors are dxgxuzed by ADC's and their energy
spectre. are F pt) tic scatfering reactions in the
object provide spectrs. that can id many hd y ch g gamma lmnes of
specific nuclides, a 3D image of cach identifiable nuchde can be mapped By
choosing appropnate nuchde intenr.ty ratios, 3D images of compounds can be
made. Slow-neutron capture 18 not prompt and thus not time-correlated wath the
alpha pulses but provndu nonimaging gamma-ray spectra that can aid nuclide
ble materials are present, neutron reaction detectors may

be used to detect emitied fission neutrons)

As shown n Fig. 9, by ding detected t not having the proper
ﬂlght hme !n be uncolhded one can pe'form fast-neutron 2!
a tor (by or using ZD neutron detectors), smee scattered
neutrons are removed by "electronic coll By g at a sufficient
number of views around 180 deg, 3D t hy 1s feasibl

imaging ¢an be done along with or instead of emissive reaction-d ‘, ging
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Fig. 9. Schematic layout of associated-particle interrogation system
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In the actual system, a PC controls the experiment, collects fli ht-time and
energy data, calculates positions, and displays data and images. The heart of the
system is the state-ofthe-art APSTNG (Associated-Particle Sealed-Tube Neutron
G ) developed wi iderable effort by C Peters, manager of the
Advanced Systems Division of Nuclear Di tic Syst As di d in
Fig. 10, a Penning ion source emits a mixed beam of deuterium and tntium rons
that is accelerated and focused on a small spot on the target, tntiating the target
and producing neutrons and alpha-particles. The alpha detector consists of a ZnS
screen and a photomultipher. The APSTNG is an icexpensive small sealed module
with low-bulk support equipsient. It has a long MTBF (around 2000 hours at a

mlbion n/s or 200 hours at 10 million n/s), 1s easily replaced by a £ d
dule (allowing simple field operation), and p te low radati P
A f.of. 1. . ' o . e " K 4.

£ 4 o 4

imaging was performed on an interrog: volume i a carbon block and
an aluminum block and plate Shown in PFig. 11 ars the gamma-ray energy spectra
for neutron inelastic scattenng obtamned for C and Al By scanning a single-pixel
alpha detector over one side of the volume (x and y coordinates) and mapping
reaction sites from fhght-time along the correlation cone (z coordinate) for energy
windows enclosing C and Al gamma lines, the objects were correctly identified and
3D-imaged, as shown in Fig 12 Proof-of-concept experiments have been
successfully done for a number of licati h 1 ord identification,

plosive detection and identaficati traband drug detect borehol
logging, corrodent detection on turbine blades, kerogen analysis of shale, and
contents of coals (sulfur, minerals, and btu),

APSTNG techoology has the capabilities for identification and 3D of
| Yides and p)

AN ging

many p , with flexsble positioning of reaction
detectors with respect to the neutron source (on the same side, perpendicular, or
opposite side), as well as capabshty for fast-neutron transmussion imaging  The
source and emitted radiation are high-energy and penetrate hughly absorbing
objects, But there are some lmtations that can be sigmficant in certam

phcations of this technology, With regard to S devel t
of a 2D fast-neutron detector having sufficient efficiency wall involve resolution
tradeoff, With regard to tion-densit i mmages will be
significantly attenuated with depth into the interrogated ohject if it is strongly
absorbing, presently attanable depth resolution 13 hmited to 5 cm (because the
system has an overall time resolution of ~ I ns and a 14.MeV neutron travels
5em in 1 ns), and measurement times can be rather long to obtain sufficient
gamma counts.

The gamma signal count rate 13 himited by reaction cross-sections, solid angles
subtended by the alpha detector and gamma detectors, gamma detector efficzency,
and source strength, but usable source strength 15 hmuted by detector acadental
counts and pileup Two developments are underway for reducing measurement
time  The use of a relatwely large array of small gamma detectors or a relatively
small array of large flight-time tive gamma detectors 1s being tigated for
increasing the count rate while g depth 1 for
The fabrication of a relatively large 2D alpha detector 13 also being considered, for
mcreasing the signal rate while maintaining transverse resolution and ehmmating
scanning,
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ABSTRACT

Pwo NDT techniques were used to characterize low-density,
microcellulaxr, carbon foams fabricated from a salt replica
process. The two techniques are x-ray computed tomography (CT)
and fon microtomography (IMT); data are presented on carbon
foanms that contain high-density regions. The data show that
densities which differ ?y <10% are easily observable for these
low density (<100 mg/cm”) materials. The data reveal that
the carbon foams produced by this replica process have small
density variations; the density being ~30% greater at the outer
edges than when compared to the interior of the foam. In
addition, the density gradient is found to be rather sharp,
that is the density drops=-off rapidly from the outer edges to a
uniforn one in the interior of the foam. This edge build-up in
carbon density was explained in terms of polymer concentrating
on the foam exterior during drying which inmediately followed a
polymer infusion processing step. Supporting analytical data
from other techniques show the foam material to be >99.9 %
carbon.

INTRODUCTION

EG&G Mound Applied Technologies has produced carbon foans
from a salt replica process ch?i g?s been developed at Lawrence
Livermore National Laboratory. The uses of such carbon
foans are described elscewhere by Williams et al 1 and will
not be addressed in this paper. In the replica process, salt
particles are pressed intc a bar and then infused with a
polymer. The polymer is then cured and the salt removed. This
creates small voids, microcells, within the cured polymer.
Finally the cured polymer is carbonized primarily into an
amphorous carbon. The carbon foanms are light in weight ang can
be produced to a designed density between 15 and 100 mg/cm>.

In this paper, we are interested in deternining the density
distrabution throughout the light-weight carbon foams. Two NDT
techniques are used to measure the density variation; they arxe
x=-ray CT (computed tomography) and IMT' (ion microtomography).
The first neasures thf ?isttibution of carbon atoms in the foan
from x~ray absorption and the latter determines the
electron difgfibucion from ion energy loss due to srall angle
scattering.

Mat Res Soc Symp Proc Vol 217 ©1991 Materials Research Soclety




EXPERIMENTAL

All of the carbon toaﬁ zined in this study are nade by
the salt replica process.i*s Details of the precess can be
chtained from reference 2. In order to identify the contami~
nants and also to determine the purity of the carbon produced
by this replica process, the foams are characterized by several
analytical techniques. The residual organic materials that
night be present atter pyrolysis are found by exchanging the
foazs with several polar and non-polar organic solvents; the
extracted sclvent is concentrated and then analyzed by gas
chrozatography/mass spectrescoepy (GC/KS). Ko extractable
contansinants, >10 ppn, are detectable. 1In ad2ition, foazs are
weighed and burned in 0,, and the weight of the residual ash

is determined. The xmeasured weight loss is >99.9%. Most ash,
but not all, dissolved in aqua regia. 7The cczposition of the
acid-soluble ash is determined by inductively coupled plasza
(ICP) spectroscopy. The results are given in Table I. They
show the major constituents to be Ca and P, and

TABLE I

Inductively Coupled Plasza (ICP) Data (in ppa) on aAshed
Sazples of Carben Foams Xade Froz Replica Process

Elerent 3
Al € Sr S Fe B kKo FEa Si_ Ti _P
Elezental

Concentration 23 385 13 10 95 21 105 10 140 3 168

the total concentration of the irpurties to be <1000 ppn. That
part of the ash that is not soluble in the strong acid is
rneasured by energy dispersive spectroscopy (EDS) and found to
be prircarily alumina, which is only very slightly soluble in
aqua regia. A JEOL 840 spectrozeter is used to record the
electrcen images and the EDS measurezents.

The CT studies were perforred at the Wright Research
Developz=ent Center, Materials Laboratory x-ray Cozputed
Tonography facility located at Wright-Patterson APB, OH. The
LAM/DE operates with a 420-kV brepsstrahlung x-ray source and
has a spatial resolution of ~0.25 nn. Because of the
low-density of these carbon foams, the x-ray source was not
filtered and detectors only used a 1.5 mm thick aluminun
filter. The LAM/DE machine has two sets of detectors for cach
line of sight, a thin front detector to zonitor low-energy
x-ray attenuation and a thick back detector to ponitor the
higher energy x-ray attenuation. This study used the front
detector and utilized a detector preacp setting which assuzed
low x-ray attenuation through the material. This allowed for
accunmulation of CT data with high signal to noise ratios while
still operating at the 420-kV level with the x-ray source.

The IMT data were collected using a 200 micron square, 8
MeV proton g?am at the Sandia Microbeam Analysis Laboratory at
Livernore. The specimens were translated and rotated
through the stationary beam, with the median of 100 proton
energy loss determinations used to determine each line density
(ray) through each specimen. Energy losses, measured with a
solid state detector, were converted to density values using
tabulated stopping powers for protons in carbon. Approxirvately
10,000 1ine density determinations were used for each
tomographically reconstructed slice.
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RESULTS ZXD DISCUSSION

Figure 1 illustrates a typical, high purity (>99.9%) caxton
foaz produced at ¥ound. A hich-zmagnification secondary
electron photonicroegraph (SEM), Figure 2, shows the typxcel
microcellular structure within a fozx. The carbon zanifests
itself as the cell walls; the wall thickness is typically 0.1
micren or less. The dizzeter of the microcells is on the
average a few microns and corresponds to the diazeter of the
salt particles. Soze contazinants are dispersed throughout the
foam as very s=all particulates. These can be seen as tiny
bright spots in the backscatter electron (BSE) izage shown in
Figure 3. These spots are examined with EDS amd are found to
consist of Ca, P, Si, ¥n, Fe and S. fThese izpurities are
likely present in the original salt amd are left bebind in the
salt extraction process.
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Figure 1. Optical Photograph of a Typical Carbon Foan Produced
at EG&G Mound Applied Technologies.

Figure 2. High-Magnification SEM Photomicrograph Showing
Typical Cell Structure in Carbon Foan.




Figure 3. BSE Irmage Showing Bright Spots That Are Higher
Atomic Nusber Elezents Than Carbon Matrix

As stated previously, we are interested in determining the
density distribution in these carbon foazs. In the past,
density distributions have been routinely obtained by
radiography. Two typical digitized radiographs are show in
Figures 4a and 4b; the t;xst is of a low-density foam with a
bulk density of 38 x=g/cn” and the segcond is of a foam with an
even lower bulk density of 16 mg/cm”. 1In each of the
digitized radiographs an area as been 'boxed' in for analysis.
A plot of grey level versus distance for this area is also
shown for each foam. The first radiograph shows a variation in
carbon density in the foam, that is Pigure 4a shows the density
to be higher at the outer edges when compared to the interior.
The second radiograph, Figure 4b, shows no obvious high and low
density regions. The foam reptescnted in Figure 4a was
prepared with the polyrer infusion step and the one in Fiqure
4b was not. Radiography, or digitized radiography, has very
good spatial resoluticn (x and y) but very poor depth of field
(z), since the density is summed over a large volume element
that extends the length (or width) of a foam. Therefore, it is
impossible to quantify where on the edge the density gradient
is the highest. Two techniques, CT and IMT, are able to give
density igt‘ornation with a volume resolution of <0.125 and
£0.008 mn”, respectively. 1In addition, these two techniques
are quantitative. The next paragraphs discuss the CT and IMT
results on the sane two foans.

Several CT slices are recorded on each specimen; all give
sinilar results, thus, the data given in Pigures 5a and 5b can
be considi . 'eg as representative, of what would be expected for
the 38 rg/cn” foam and 16 rg/cm” foams. For the former
material (Pigure Sa), the CT slice shows the "outside" edge to
have a higher carbon density than the interior of the foan.
This was not the case for the low-density one (Figure 5b) where
"no" carbon build-up on the "outside" surfaces could be
detected. In fact, all foams that have been exanmined with Cr
that have bulk densities 230 ng/cn3 exhibit sinmilar
high-density “outside" edges. However, no high dcnsitx edges
are detected in foans with bulk densities of <20 mg/cnm”.
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Fron the line scans of the CT slice for the 38 rg/cz’®
raterial (Figure 6a), densitics on the periphery are found to
be ~30% higher than the densities on the inside of the foan.
In fact, the ccrners show the greatest density of carbon.
These results can be cxplained by examining more closely the
polyrer infusion step of the replica process. Polymer is
dissolved in a solvent. The salt bars are placed in the
solution and the polymer diffuscs into the center of the bars.
After equilibriun, the wet bars are allowed to dry. The
solvent evaporation begins on the outside surface of the bar.
As the solvent evaporates, more solvent migrates fron the
interior of the bar to the surface. .In doing so, some of the
polyner is dragged towards the edges of the foam causing an
enrichment of the polymer on the outside surfaces. "After
curing, salt-‘removal and pyrolysis, the CT images'show these
high density regions on the edges and the corners. Pigure 6b
depicts & CT line scan from the very low-density foam. Since
this foam does not include a polymer infusion step in its
production, a high density edge region would not be expected.
The CT data support this finding. From a practical
point-of-view, these CT resultg suggest that machining ~1.5 zmn
from each side of the 38 mg/cm” would produce a foam with a
reasonably uniform density.

The IMT examinations of the same two specimens discussed
above are given in Figures 7a and 7b, Since IMI' measures the
energy loss of monoenergetic protons that have scattered from
the electrons of a material, the line scans are a neasure of
variations in electron density in the foam. For the energy
range used with the CT scans, the t of x-ray att tion
is primarily due to Compton scattering which in turn is also
proportional to electron density. The former is a very highly
probable process whereas the latter is not. Although the
probabtiities of the scattering events are much different
between the two techniques, similar conclusions can be drawn
from the IMT data, that is a high-density edge is observable
for the 38 mg/cm” foam but is rot present in the very low
density one. Also the IMT data show the increase in electron
density at the edge to be ~30% over that of the interior, the
same value extracted froa the CT line scans.

SUMMARY

Analytical data from various techniques that were taken on
carbon foams produced by the salt replica process are shown to
be very pure, >99.9% carbon. The density distributions are
determined with two NDT techniques, x-ray CT and IMT; data fronm
both techniques showed carbon enrichment at the egdges and
corners of a foam with a bulk density of 38 mg/cm”’. The
density increase at the edges are determined to be ~30% when
conpared to the bulk density. This density variation is
explained in turns of a polymer infusion processing step. A
foan that was prepared without the polymer infusjon step, which
subsequently results in a very low density of only 16 ng/cm”,
showed no build-up of carbon on the periphery of the material.
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Figure 6. ¢ Lige Scans Showing: (a) Density Variation 19 38

ng/om
Carbon Foans,

and (b) Uniform Distribution in 16 ng/cn
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